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Environmental samples from food processing facilities and production (farms)
were taken and analyzed for the presence of indicator organisms and Salmonella spp. on
food contact (FC) and non-food contact (NFC) surfaces. Salmonella was isolated from
both FC and NFC surfaces of a fruit and catfish-processing plant environment, but not
from a dairy processing plant or from produce packaging facility environments. Scatter
plots did not show a relationship between indicator organisms and the presence of
Salmonella in processing environments, regardless of the facility/environment.
Salmonella ser. Gaminara and Salmonella ser. Give were prevalent in the fruit processing
environment. Persistence could not be determined, as Salmonella was not detected
during subsequent samplings. Two modifications of the Rappaport Vassiliadis (RV)
enrichment step were evaluated and compared to the standard enrichment methods for the
recovery of Salmonella. Detection rates ranged from 10.2% to 21.2% and 22.3% to
31.9% for aquaculture and sweet potato farming environments, respectively. Salmonella
ser. Newport and Salmonella ser. Javiana were prevalent in the sweet potato farming
environment, whereas Salmonella ser. Newport and Salmonella ser. Hartford were

prevalent in the aquaculture environment. PFGE analysis revealed clusters with a high
degree of genetic similarity (≥ 90%) from the fruit-processing, aquaculture, and sweet
potato environments, suggesting that they represented the same strain isolated from
different sampling points. Molecular characterization of isolates revealed potential
contamination paths to catfish and sweet potatoes.
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INTRODUCTION
It is estimated that each year there are 48 million cases of foodborne illness,
128,000 hospitalizations, and 3,000 deaths in the United States involving 31 major
pathogens and other unspecified agents (CDC, 2016a; Scallan et al., 2011a). Nontyphoidal Salmonella spp. has been identified as the leading cause of bacterial foodborne
illnesses (1,027,561) hospitalizations (19,336), and deaths (378) (Scallan et al., 2011a).
Even though the illness caused by Salmonella is often self-limiting, contamination with
this foodborne pathogen is a food safety concern. Most cases of Salmonella have been
associated with food items such as meat, poultry, and egg products (Hammack, 2009),
but over the years there has been an increasing number of Salmonella outbreaks due to
contaminated fruits and vegetables (Beuchat & Ryu, 1997; Callejón et al., 2015;
Hanning, Nutt, & Ricke, 2009; Sivapalasingam, Friedman, Cohen, & Tauxe, 2004).
Salmonellosis is the foodborne illness caused by Salmonella infection in humans. It most
commonly results in gastroenteritis (diarrhea, abdominal cramps, and fever), but it can
cause life threatening enteric fever (Giannella, 1996). The infective dose can vary and is
dependent on the age and health of the host and the different strains within the genus.
However, it has been reported that even one cell is capable of causing illness (Hammack,
2009).
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Salmonellae are ubiquitous in nature and are capable of surviving for weeks and
months in dry environments and water (WHO, 2016). Salmonellae are prevalent in food
animals such as poultry, pigs, and cattle, and in wild animals including birds, reptiles, and
amphibians and are capable of contaminating foods at any point in the food production
chain (WHO, 2016). Salmonellae have been found in poultry (Morris & Wells, 1970),
catfish (Arroyo-Llantin, 2013; McCoy et al., 2011), dairy (Olivier, Jayarao, & Almeida,
2005), fruit (Cook et al., 1998; FDA, 2013a), and vegetable (Pérez-Rodríguez et al.,
2014) farming and/or processing environments. Therefore, sampling these environments
can identify potential routes of contamination and prevent future illnesses.
Testing food products is important, but testing the environment (environmental
sampling) where the food products are processed is even more important (Dalmasso &
Jordan, 2013). Environmental monitoring is a requirement under the Food Safety
Modernization Act (FSMA) Preventive Controls for Human Foods (PCHF) if potential
contamination of a ready-to-eat food with an environmental pathogen is a hazard
requiring a preventive control (FDA, 2017b). The development of environmental
microbiological sampling programs are necessary to identify possible points to monitor
through the food production chain (Tompkin, 2004). The use of indicator organisms to
predict the presence or absence of a pathogen (Harwood et al., 2005) is a common
practice among regulatory agencies and the food industry (Tortorello, 2003). Testing
methods for indicator organisms in food processing environments are scarce, but these
are usually tested using modifications of methods used for food and water (Tortorello,
2003). The most commonly used indicator organisms are aerobic plate count (APC),
total coliform count, E.coli, Listeria spp., and yeast and molds (Miskimin et al., 1976;
2

Tortorello, 2003). APC are good quality indicators, the presence of coliforms indicates
unsanitary conditions and the potential presence of pathogens (Miskimin et al., 1976),
and E.coli is an indicator of fecal contamination (Johnson, 1996; Tortorello, 2003).
The U.S. Department of Agriculture-Food Safety Inspection Service (USDAFSIS-MLG) (USDA-FSIS, 2017a) and the U.S. Food and Drug Administration (FDABAM) (Andrews, Wang, Jacobson, & Hammack, 2016) have protocols for the detection
and isolation of Salmonella from foods. The two agencies differ in the growth media that
is used but the procedure for isolation usually consists of the same four steps: (1) nonselective pre-enrichment, (2) selective enrichment, (3) selective plating, and (4)
confirmation (Mooijman, 2012). There are multiple variations of media for the isolation
of Salmonella. Differences in recovery can be dependent on the type of sample that is
analyzed (Waltman, 2000). Therefore, different procedures need to be evaluated when
testing for this pathogen in the farming and food processing environments.
In 2016, Mississippi was among the top twenty states in the production of fifteen
agricultural commodities (MSU, 2016). Catfish (Ictalurus punctatus) and sweet potatoes
(Ipomoea batatas) were number seven and number ten, respectively (MDAC, 2016).
Catfish and sweet potatoes are not considered high-risk foods since they are sold raw and
consumed cooked. The cooking methods typically destroy foodborne pathogens.
Salmonella has been isolated from catfish farming environments, catfish, and catfish
processing facilities (Arroyo-Llantin, 2013; Pal & Marshall, 2009; Wyatt, Ranzell, &
Vanderzant, 1979). In addition, catfish was identified as the vehicle of transmission in a
Salmonella outbreak in 1991 (CDC, 1991). Until now, there are no reported foodborne
outbreaks related to the consumption of sweet potatoes, but like other produce, they are
3

prone to contamination if good agricultural and good manufacturing practices are not
maintained. Moreover, a very small (<1%) sector of the population serves or consumes
sweet potato raw.
To trace the route of contamination during foodborne outbreak investigations, the
relatedness of strains within Salmonella serotypes needs to be determined (Imen, Ridha,
& Mahjoub, 2012). Serological analysis is usually the first step in epidemiological
surveillance (Tenover et al., 1995), and it relies on the differentiation between the O and
H antigens of the bacterial cell surface (Imen et al., 2012). Pulse-field gel electrophoresis
(PFGE) is the predominant technique used for strain characterization (Wu & Della-Latta,
2006) and is considered the “gold standard” for molecular subtyping (Félix et al., 2012).
In this technique, cases with indistinguishable strain PFGE patterns are more likely to
share an epidemiological association than cases with differing PFGE patterns (Besser,
2015). PFGE has applications in foodborne bacterial disease surveillance, tracking
contamination, and monitoring the survival of particular strains (Besser, 2015).
The objectives of this study were to: (1) provide a baseline assessment of the
microbial load of several food manufacturing facilities, by testing for microbiological
indicators, Listeria spp. and Salmonella spp., (2) compare two modifications of the
selective enrichment broth RV (mRV2 and mRV3) to the USDA-FSIS recommended
secondary enrichment broths for the recovery of Salmonella cells in catfish and sweet
potato farming environments, and (3) identify the prevalence and persistence of
Salmonella isolates by determining their clonal similarities through pulse-field gel
electrophoresis.
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LITERATURE REVIEW
Salmonella spp.
The genus Salmonella has been known since the 1880’s. Its discovery has been
attributed to Dr. DE Salmon when he isolated the hog cholera bacillus, Salmonella
cholerasuis (Steele, 1962). For many years, it was thought that this organism was the
causative agent of hog cholera, but investigators soon found the disease was caused by a
virus and that S. cholerasuis was a secondary invader (Hui, Y.H., Gorham, J., Murrell,
K., 1994). Salmonella spp. are gram negative, enteric, non-spore forming, flagellated,
and facultative anaerobic bacteria that belong to the Enterobacteriacea family
(Srebernich, Ferraz, Silveira, Mara, & Gonçalves, 2010). The genus is divided into two
species, S. bongori and S. enterica. The latter is further divided into six subspecies: S.
enterica subsp. enterica, S. enterica subsp. salamae, S. enterica subsp. arizonae, S.
enterica subsp. diarizonae, S. enterica subsp. houtenae, and S. enterica subsp. indica
(Grimont & Weill, 2007).
The Kauffman and White classification scheme allows the classification of the
Salmonella genus into serotypes based on the immunoreactivity of the O and H surface
antigens (CDC, 2011b). The differences between these two antigens have resulted in the
identification of more than 2,500 serotypes. (Grimont & Weill, 2007). In addition, more
serotypes are identified regularly. Salmonella that affect humans belong to the S. enterica
5

subsp. enterica serotypes, which are 99.5% of Salmonella strains (Grimont & Weill,
2007). Estimates from the CDC indicate that 95% of Salmonella infections occur from
foodborne sources (Frenzen et al., 1999), which include contaminated eggs, poultry,
meat, unpasteurized milk or juice, cheese, fruits, vegetables, nuts, and spices, among a
few others. Numerous serotypes have caused outbreaks from different foodstuffs and
different regions, but Enteriditis and Typhimurium serotypes have been associated with
more than half of the salmonellosis cases reported in the U.S. (Fatica & Schneider, 2011).
The CDC’s Foodborne Diseases Active Surveillance Network (FoodNet) identified the
top ten Salmonella serotypes in confirmed infections. These serotypes included
Enteriditis (1,358), Newport (816), Typhimurium (739), Javiana (557), I 4,[5],12:i:(491), Poona (197), Muenchen (181), Heidelberg (153), Saintpaul (148), and Infantis
(144) (CDC, 2016e).
Salmonellosis
Salmonellosis is the name given to the infection caused by Salmonella.
Salmonellosis occurs when the food that is consumed contains a significant number of
the microorganism. This number varies depending on the characteristics of the serotype
and the health of the host (Jay, Loessner, & Golden, 2005). The typical infectious dose
ranges from 106 to 108 colony forming units (CFU), but there have been several cases
reported involving immunocompromised individuals where the infectious dose has been
less than 100 CFU (Fatica & Schneider, 2011). For example levels of 4.3 to 24
Salmonella Nima per 100g product were detected in chocolate imported from Belgium in
a 1985-1986 outbreak in Canada, where the majority (62%) of the reported cases (29)
were children between 1 and 4 years of age (Hockin et al., 1989). Salmonella infection
6

causes diarrhea, fever and abdominal cramps 12 to 72 h after the infection and usually
lasts 4 to 7 days (CDC, 2008). In most cases, the infection is self-limiting, but it can be
fatal to individuals with immunocompromised systems if symptoms are left untreated
(Fatica & Schneider, 2011). The routes of infection of Salmonella spp. are through the
ingestion of contaminated food products or through fecal oral transmission (WHO, 2013).
Human infection with this organism is based on its ability to survive the adverse acidic
conditions of the stomach (Jay et al., 2005), and toxin production occurs as they invade
the mucosa of the small and large intestines (Giannella, 1996). The invasion of epithelial
cells stimulates the release of proinflammatory cytokines which induce an inflammatory
reaction, causing diarrhea, possible ulceration, and destruction of the mucosa (Giannella,
1996), dehydration, shock, and/or collapse (Cummings, Sorvillo, & Kuo, 2012). In
addition, septicemia may occur due to complications of the infection.
Salmonella spp. can survive at a broad range of pH (4.05-9.5) and temperature (748°C), with and optimum pH and temperature of 6.5-7.5 and 37°C, respectively (Fatica &
Schneider, 2011). Due to varied adaptability of this bacteria, it is able to live outside an
animal host. Salmonella is responsible for causing an estimated 1,027,561 illnesses,
19,336 hospitalizations, and 378 deaths a year (CDC, 2016a; Scallan et al., 2011b). The
most recent (2016) outbreaks reported in the United States were linked to dairy bull
calves, shell eggs, alfalfa sprouts, live poultry, pistachio, and organic shake and meal
products as sources of Salmonella spp. (CDC, 2016g).
Salmonella spp. reservoirs and transmission
The factors that influence the sources and survival of Salmonella consist of
intrinsic (food composition, pH levels, water activity, redox potential) and extrinsic
7

(temperature, relative humidity, light, storage environment) factors (Giaccone, Catellani,
& Alberghini, 2012). Salmonella spp. are widely distributed in nature. Its primary habitat
is the intestinal tract of animals such as birds, reptiles, farm animals, and humans (Jay et
al., 2005). This microorganism is carried asymptomatically and may be shed in animal
feces, which can contaminate water sources and soil and survive for years if conditions of
temperature, humidity, and pH are favorable (The Center for Food Security & Public
Health, 2013). The most common route of contamination with Salmonella is through the
fecal oral route. Food is the vehicle of transmission, and provides the required nutrients,
acidity, and moisture for the growth of the microorganism (Jay et al., 2005). Foods that
have been implicated in the transmission of Salmonella are beef, pork, poultry, dairy
products, eggs, fishery products, and most recently fruits and vegetables due to the higher
consumer demand, and production and handling systems (Newell et al., 2010; Todd,
Greig, Bartleson, & Michaels, 2009). Once the food is contaminated and temperature
abused throughout the food production chain, the organism will multiply which will aid
in the colonization in a new host and possibly cause disease (Newell et al., 2010). Since
the risk of exposure to salmonellosis can occur at multiple points in the food production
and distribution chain, monitoring at multiple points in the chain is necessary (Cummings
et al., 2012).
Preharvest and postharvest risks of Salmonella spp. contamination in food
Several authors have reported on the risks that might be associated to the
contamination of agricultural commodities with pathogens, such as Listeria
monocytogenes and Salmonella spp. in the pre-harvest environment. These risks are a
combination of environmental factors that might vary from farm to farm and that
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influence the frequency of transmission of pathogens to foods (Strawn, Gröhn, et al.,
2013). Preharvest risks of contamination with pathogens include contaminated irrigation
water, runoff water, soil amendments, dust, feces from domestic and wild animals, field
workers, and harvesting equipment (Jung, Jang, & Matthews, 2014; Strawn, Gröhn, et al.,
2013). Salmonella is shed through animal hosts. For example, feces from wild animals
may contaminate fields and water sources such as creeks that may be used for irrigation
or for aquaculture.
In a produce region in California, anal/cloacal swabs from birds (n=105) and
feces from coyotes (n=40), deer (n=104), elk (n=39), wild pig (n=41), and skunk (n=13)
yielded Salmonella isolates (Gorski et al., 2011). Genes that suggest the presence of E.
coli 0157:H7, Campylobacter jejuni, and Salmonella in pond and creek water samples
have been identified (Ahmed, Sawant, Huygens, Goonetilleke, & Gardner, 2009). The
use of soil amendments like poultry litter have shown to harbor pathogens such as
Salmonella. If poultry litter or other soil amendments are not properly treated prior to
application, crops may become contaminated (Nicholson, Groves, & Chambers, 2005). It
has been reported that Salmonella is able to persist for up to 231 days in soils amended
with contaminated composts where lettuce and parsley were grown (Islam et al., 2004).
Cross contamination can also occur in the field if workers do not follow hygienic
practices and/or contaminated harvesting equipment is used throughout harvest.
Postharvest practices can also lead to cross contamination of products with
pathogenic microorganisms. Routes of access of Salmonella spp. to food processing
environments can be through personnel, forklifts, storage bins and boxes, wash waters,
leaks, openings in buildings, and/or through pests. Salmonella finds niches such as cracks
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and crevices in the floors and walls of processing environments, and can establish itself
there for years (Cook et al., 1998). For this reason, it is important to monitor these
environments for pathogens such as Salmonella spp. to obtain information on their
incidence and potential contamination in finished products. Sampling the farm and food
processing environments not only gives information on the effectiveness of the good
agricultural practices (GAP), good manufacturing practices (GMP), and standard
sanitization operation procedures (SSOP), but also provides information regarding the
preventive measures that are put into practice in order to produce safe food (Newell et al.,
2010).
Sources of Salmonella spp. and other microorganism in food processing facilities
Food products can become contaminated with foodborne pathogens in the
environment where they are prepared and handled (Tompkin, 2004), which could result
in serious risks for the health of consumers (Gutiérrez et al., 2012). There are five risk
factors that significantly contribute to foodborne illness outbreaks in retail and food
service establishments: (1) food from unsafe sources, (2) poor personal hygiene, (3)
inadequate cooking, (4) improper holding/time and temperature, and (5) contaminated
equipment (FDA, 2009). The most common behaviors associated with foodborne disease
outbreaks in food manufacturing facilities are the lack of personal hygiene among food
handlers, poor surface hygiene (Lues & Van Tonder, 2007), lack of food safety
knowledge in food production settings concerning the transmission and growth of
pathogens (Todd et al., 2009), inadequate cleaning and sanitizing programs, poor
equipment design, construction, and maintenance in manufacturing facilities (Schmidt,
2013).
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Cross-contamination is the main cause of foodborne outbreaks due to Salmonella
(Møretrø, Heir, Nesse, Vestby, & Langsrud, 2012). For example, in a 1996 nationwide
outbreak with Salmonella ser. Enteriditis , pasteurized ice cream premix was
contaminated during transport in a tanker trailer that had previously transported
unpasteurized liquid eggs that contained this pathogen (Hennessy et al., 1996). In
another nationwide outbreak (2008) with Salmonella ser. Typhimurium and peanut
butter, federal investigations found that the processing facility had dripping rain water
and that peanuts were stored in unsanitary conditions (Guthrie, 2009). Listeria spp. are
also commonly found in food processing, distribution, and storage environments, and due
to the organism’s ubiquitous nature, its control in foods and the environment is
challenging (Jemmi & Stephan, 2006). During an outbreak investigation involving
Listeria monocytogenes in ice cream, environmental sampling done by the FDA
identified the presence of this pathogen in different areas within the production facility
(FDA, 2015d).
Indicator organisms are often used to assess the hygienic conditions in food,
water, and the environment, and to validate intervention processes (Tortorello, 2003).
For many years, microbiologists have used indirect tests as a means of detecting potential
pathogen contamination of water and food (Johnson, 1996). Therefore, these indicators
are important components of the microbiological testing programs in food processing
facilities (Tortorello, 2003). Common indicator organisms included aerobic plate count
(APC), E. coli, coliforms, Listeria spp., yeast, and molds (FDA, 2015b; Kornacki, 2011).
While the presence of high numbers of APC, yeast, and molds are good indicators of
poor sanitation and product quality (Tortorello, 2003), the presence of E. coli, coliforms,
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and Listeria spp. may be indicative of the potential presence of pathogens (FDA, 2015b).
It is also important to note that a negative indicator test cannot be used to guarantee the
absence of a microbial hazard (Tortorello, 2003). For example, an outbreak investigation
involving Salmonella ser. Enteriditis in ice cream had coliform and E. coli counts that
were <1 cfu/g (Voughtt & Tatinp, 1998). Environmental sampling is an important
component of a food safety plan that is designed to assess the effectiveness of cleaning
and sanitation, controlling the presence of microorganisms, and preventing food
contamination (Tompkin, 2004).
Sources of Salmonella spp. and other microorganisms in aquaculture
Aquaculture is the farming of aquatic organisms including fish, mollusks,
crustaceans, and aquatic plants (Edwards, 1997). Globally, the United States is a minor
aquaculture producer (NOAA, 2017), and the mainstay of the industry is the production
of channel catfish (Ictalurus punctatus) which occurs largely in earthen ponds in the
southeastern States of Mississippi, Louisiana, Arkansas, and Alabama (FAO, 2017).
According to the USDA-National Agricultural Statistics Service (2016), Mississippi was
ranked first in the nation in catfish production (USDA-NASS, 2016), producing over
55% of the nation’s farmed raised catfish (MFB, 2017). Catfish are grown in ponds that
are built over clay-rich soils that are 1.2 to 1.8 m (4 to 6 ft) in depth (Craig Tucker &
Hargreaves, 2004), and typically have no physical barriers protecting them from the
surrounding environment. The major sources of water that are used to fill and maintain
levels in ponds are precipitation, runoff, and underground well waters (Craig Tucker &
Hargreaves, 2004). Several possible pathways of contamination of aquaculture systems
with Salmonella have been reported as water run-off, animals (domestic, frogs, rodents,
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birds, insects, reptiles), fertilization of ponds, contaminated feed, contaminated source
water, and on farm primary processing (FAO, 2010; Olgunoğlu, 2012). Salmonella has
been detected in catfish ponds, processing plants, and retail products (Arroyo-Llantin,
2013; McCoy et al., 2011; Wyatt et al., 1979). Fish and fishery products were
responsible for 1.4% of Salmonella outbreaks in the EU (Amagliani, Brandi, &
Schiavano, 2012). Salmonella ser. Enteriditis is the most common serotype associated
with non-marine fish outbreaks (McCoy et al., 2011), and Salmonella ser. Hadar has been
linked to an outbreak that implicated catfish as the possible source of contamination
(CDC, 1991).
The amendment of the Federal Meat Inspection Act in the 2008 Farm Bill stated
that catfish would be inspected by the USDA-FSIS, and an assessment of the food safety
risks associated with consuming farm-raised catfish suggested that Salmonella was the
foodborne pathogen most likely to be associated with catfish (McCoy et al., 2011). Thus,
identification of the sources of Salmonella contamination at the farm level may help
reduce the possibility of final product contamination (McCoy et al., 2011). Other
microorganisms have been isolated from catfish ponds and in the processing
environment. Aeromonas spp. and Pseudomonas spp. were the predominant pathogens
identified in two catfish processing plants with a 57% and 28% (plant 1) and 48% and
17% (plant 2) isolation, respectively (Cotton & Marshall, 1998). E. coli and
Staphylococcus aureus counts have been reported to be greater on catfish during the
summer and lesser during the winter (Fernandes, Flick, Silva, & McCaskey, 1997).
Aeromonas hydrophila, E. coli, Listeria spp., Plesiomonas shigelloides, Proteus spp.,
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Staphylococcus aureus, and Vibrio parahaemolyticus have been isolated from whole
catfish and catfish fillets (Ramos & Lyon, 2000).
Sources of Salmonella spp. and other microorganisms in fresh produce
The consumption of fruits and vegetables is associated with a healthy lifestyle
(Callejón et al., 2015). The US Dietary Guidelines for Americans in 2015-2020 and the
USDA MyPlate recommend that half of a person’s food plate include whole fruits and
vegetables (USDHHS & USDA, 2015). Fresh produce is a ready to eat (RTE) product,
meaning that there is no further cooking step involved to ensure that the food is safe
(FDA, 2013b). Thus, there is concern for microbial contamination and foodborne illness
since most of these products are consumed raw (Callejón et al., 2015; NCCE, 2016).
Fresh produce can become contaminated with pathogens in the agricultural fields through
contaminated irrigation water, application of manure as fertilizer, fecal matter, or through
animal contact (Fatica & Schneider, 2011). Foodborne illness has occurred due to
contamination during production, harvest, processing, transportation, in retail and
foodservice establishments and in the home kitchen (FDA, 2015c).
Microorganisms that have been frequently associated with illness outbreaks
related to fresh produce consumption include hepatitis A, norovirus, Cyclospora, E. coli
O157:H7, Listeria monocytogenes, Salmonella spp., and Campylobacter spp. (Callejón et
al., 2015; FDA, 2015c; Olaimat & Holley, 2012). Salmonella and pathogenic E. coli are
the most common causes of large outbreaks of foodborne illness associated with fresh
produce (CDC, 2016g; Mritunjay & Kumar, 2015). In the USA, recent outbreaks of E.
coli O157, Salmonella ser. Muenchen, and Salmonella ser. Kentucky infections have
been linked to alfalfa sprouts, and Listeria monocytogenes infections have been linked to
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contaminated packaged salads (CDC, 2016d). In addition, Salmonella ser. Poona has
been isolated from cucumbers (CDC, 2015) that were associated with a foodborne illness
outbreak.
The sweet potato (Ipomoea Batatas) is an edible tuberous root that belongs to the
Convolvulaceae family. This starchy and sweet tasting root is valued for its nutritional
content. It is an excellent source of carbohydrates, fiber, sugars, proteins, iron, calcium,
and vitamin A (Mohanraj & Sivasankar, 2014). The four largest sweet potato-producing
states in 2016 were NC [(868,720 kg) (17,100 cwt)], CA [(314,974 kg) (6,200 cwt)], MS
[(250,455 kg) (4,930 cwt)], and LA [(77,219 kg) (1,520 cwt)], which together represent
94% of all U.S. sweet potato production (USDA-NASS, 2017). While sweet potatoes are
not categorized as a high-risk crop because they are mainly (>99%) consumed after
cooking-boiling, steaming, baking, or frying; the trend towards an increased consumption
of raw sweet potatoes does present food safety concerns (NCCE, 2016).
Methods of Detection and Isolation of Salmonella spp.
Various culture methods have been developed for the isolation of Salmonella spp.
from different sources (Maddox, 2003), and confusion often arises as to what media
should be used for the detection of this pathogen (Waltman, 2000). In the United States,
the federal agencies responsible for food safety are the US Department of Agriculture
Food Safety Inspection Service (USDA-FSIS) and the Food and Drug Administration
(FDA). Both of these agencies have adopted methods for the isolation of this pathogen in
foods. Even though these methods have differences, the isolation of Salmonella spp.
generally includes (1) non-selective pre-enrichment, (2) selective enrichment, (3)
isolation from plating media, and (4) biochemical confirmation (Mooijman, 2012;
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Waltman, 2000). Non-selective pre-enrichment is recommended for optimal recovery of
injured Salmonella cells, which leads to ‘resuscitation’ prior to transferring into selective
enrichment broths (Waltman, 2000). The FDA recommends using lactose broth (LB)
whereas the USDA-FSIS recommends using buffered peptone water (BPW) (Andrews et
al., 2016; USDA-FSIS, 2017b). BPW offers greater buffering capacity and its lack of a
fermentable sugar, whose production of acid would inhibit the growth Salmonella cells
(Hilker, 1975), allows for better recovery of this pathogen (Thomason & Dodd, 1978;
Thomason, Dodd, & Cherry, 1977). Selective enrichment relies on the ability to inhibit
accompanying microflora while allowing Salmonella to multiply to detectable levels after
plating (Waltman, 2000). These selective enrichments contain two or more inhibitory
reagents such as bile salts, brilliant green, thiosulfate, deoxycholate, and malachite green
(Lee, Runyon, Herrman, Phillips, & Hsieh, 2015a). Both USDA-FSIS and FDA
recommend Rappaport-Vassiliadis (RV) and tetrathionate (TT) broths as official
Salmonella enrichment methods (Andrews et al., 2016; USDA-FSIS, 2017b).
Several authors have reported that selective enrichment in RV broth yields more
Salmonella positive samples than TT broth (Hyeon et al., 2012; Mores Rall, Rall,
Aragon, & Guimarães da Silva, 2005; Pal & Marshall, 2009). Fewer Salmonella positive
test portions of guar gum inoculated with Salmonella ser. Montevideo and Salmonella
ser. Typhimurium were recovered with RV broth than with TT broth (Hammack,
Amagua, June, Sherrod, & Andrews, 1999), suggesting that TT is more suitable for the
selective enrichment of foods with low microbial load (Hyeon et al., 2012). Even though
TT provides an optimal environment for the proliferation of Salmonella, its selective
components might not be as inhibitory as malachite green, which is found in RV, and is
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toxic to many other bacterial species (Rybolt, Wills, Byrd, Doler, & Bailey, 2004). After
selective enrichment of samples, they are streaked on solid selective media to isolate
presumptive positive Salmonella colonies (Lee, Runyon, Herrman, Phillips, & Hsieh,
2015b). These media rely on the principles of selectivity and differentiation, which
involves the incorporation of substances that selectively inhibit and that differentiate
Salmonella colonies from other bacteria (Waltman, 2000). Many different plating media
are available for the isolation of Salmonella (Waltman, 2000). In a survey of US
veterinary laboratories on Salmonella culturing techniques from poultry and
environmental samples, 14 different plating media were used (Waltman & Mallinson,
1995). The USDA-FSIS recommends the use Xylose Lysine Tergitol 4 (XLT4) and
Brilliant Green Sulfa (BGS) (USDA-FSIS, 2017b), and the FDA recommends Xylose
Lysine Deoxycholate (XLD), Hektoen Enteric (HE), and bismuth sulfite (BS) (Andrews
et al., 2016) as selective plating agars. Different Salmonella serotypes may have different
growth requirements. Therefore, it is not ideal to use a single plating agar. It is
recommended that at least two plating media be used in order to detect a wide range of
serotypes from different situations (Lee et al., 2015b; Mooijman, 2012; Waltman, 2000).
Presumptive Salmonella colonies from plating media are submitted for biochemical
confirmation. Typical biochemical tests for Salmonella include the fermentation of
glucose, negative urease reaction, lysine decarboxylase, negative indole test, H2S
production, and fermentation of dulcitol (Odumeru & Leon-Velarde, 2012).
Identification of Salmonella spp. isolates
Once a pathogen such as Salmonella spp. has been isolated from an
environmental sample, it is highly recommended that it is serotyped and characterized by
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a genetic typing method such as Pulse Field Gel Electrophoresis (ABC, 2015).
Serotyping is the initial step for routine diagnostics of Salmonella strains and is carried
out by using the Kaufmann-White classification scheme (Imen et al., 2012). This
classification system differentiates between the O (somatic) antigens of the cell surface
and the H (flagellar) antigens. Each Salmonella serogroup has a group specific Oantigen, and different serovars are distinguished by the combination of O and H antigens
that are present (Imen et al., 2012). The differences between these two antigens have
resulted in the identification of more than 2,500 serotypes (Grimont & Weill, 2007).
Thus, serotyping is important in epidemiological surveillance and investigation of
Salmonella spp. outbreaks. The CDC’s National Salmonella Surveillance Program
collects data through passive surveillance of laboratory confirmed human Salmonella
spp. isolates and was created to obtain information on the epidemiology of this organism
in the United States.
Pulse Field Gel Electrophoresis (PFGE) is a molecular typing technique that was
developed in the 1980’s that allows the separation of large DNA molecules in agarose gel
by using two alternating electric fields (Nassonova, 2008). The PFGE procedure consists
of four major steps: cell lysis and release of intact chromosomal DNA, restriction
endonuclease digestion of chromosomal DNA, separation of DNA fragments, and
analysis and comparison of DNA restriction patters to determine their relatedness (Wu &
Della-Latta, 2006). DNA relatedness can be classified into four different categories: 1)
indistinguishable (those yielding the same pattern), 2) closely related (one to three band
differences), 3) possibly related (four to six band differences), and 4) unrelated (six or
more band differences) (Wu & Della-Latta, 2006). Once DNA relatedness is determined,
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paths can be established for the farm and food processing environmental problem areas.
This may be determining persistence of the pathogen in question and help in determining
control measures to prevent food contamination.
In 1993, the CDC demonstrated the utility of PFGE during an outbreak
investigation when they characterized E. coli 0157:H7 that was isolated from clinical and
food samples (Barrett et al., 1994). Soon after PulseNet, a network composed of the
CDC and state public health laboratories that serve as a national molecular subtyping
network for foodborne bacterial disease surveillance, was created (Swaminathan, Barrett,
Hunter, & Tauxe, 2001). In 2004, PFGE played a key role in identifying five outbreakassociated isolates and distinguishing them from unrelated sporadic isolates of a
Salmonella enterica outbreak linked to Roma tomatoes (Sandt et al., 2006). In this
outbreak, serotypes Javiana, Anatum, Thompson, Typhimurium, and Muenchen were
isolated from patients, but genetic fingerprints obtained through PFGE demonstrated that
Salmonella ser. Anatum isolated from patients were indistinguishable from those derived
from tomatoes (Sandt et al., 2006). The main goal of strain typing studies is to provide
laboratory evidence that epidemiologically related bacterial isolates are also genetically
related and thus represent the same strain (Tenover et al., 1995). This information is
helpful in understanding the presence of bacteria in an environment, which helps
determine the possible routes of contamination, and how to control the spread of disease
(Tenover et al., 1995).
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MONITORING OF FOOD PROCESSING ENVIRONMENTS FOR INDICATOR
ORGANISMS AND PREVALENCE OF SALMONELLA
Abstract
Environmental samples from four different food-processing plants were tested for
the presence of indicator microorganisms (APC, TCC, E. coli, Listeria spp.) and
Salmonella on food contact (FC) and non-food contact (NFC) surfaces. Salmonella was
isolated from both FC and NFC surfaces from a fruit and a catfish-processing plant
environment, but not from the dairy processing or a produce packaging/distribution
facility. Indicator microorganism levels were usually similar in FC and NFC surfaces,
regardless of facility, with some exceptions. These counts were usually below
recommended levels, even though they were taken during production. Scatter plots did
not show a relationship between indicator organisms and Salmonella in processing
environments, regardless of the facility. Five different Salmonella serotypes were
identified from the fruit processing environment, with Gaminara and Give being the most
prevalent. Persistence could not be determined, as Salmonella was not detected during
subsequent samplings. For the catfish-processing environment, four serotypes were
identified as Braenderup, Typhimurium, Javiana, and Saintpaul. PFGE analysis revealed
two clusters with a high degree of genetic similarity (≥ 90%) from the fruit-processing
environment, suggesting that they represented the same strain isolated from different
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sampling points, but no clusters were identified from the isolates from the catfishprocessing environment.
Key words: Environmental monitoring, indicator organisms, food processing,
Salmonella spp.
Introduction
Each year 48 million people get sick, 128,000 are hospitalized and 3,000 die from
foodborne illnesses, on an annual basis (CDC, 2016b). The Foodborne Disease Outbreak
Surveillance System reported that 42% of these illnesses occurred at the restaurant level,
12% occurred at home and 46% occurred at other locations such as schools, farms, and
processing facilities (CDC, 2012b). Food can become contaminated at any point in food
production but further mishandling by the consumer can also be a likely cause of a
foodborne outbreak (Soares, García-díez, Esteves, Oliveira, & Saraiva, 2013).
The US Food Safety System is composed of combined efforts from Federal, State
and Local government, and the U.S. Food and Drug Administration (FDA) is one of the
agencies responsible for safeguarding the US food system, overseeing more than 80% of
the food supply (Cummings et al., 2012). For over 25 years, the FDA has relied on State
agencies to conduct inspections on its behalf through FDA/State Food Inspection
Contract Programs, where inspections are performed in selected food manufacturing
facilities to determine compliance with federal and state laws (Levinson & General,
2011). The FDA Food Safety Modernization Act (FSMA), signed into law on January 4,
2011, is the most recent food safety reform in the U.S. FSMA was implemented to ensure
the U.S. food supply is safe by shifting the focus from responding to contamination to
preventing it (FDA, 2017a).
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Under the Preventive Controls for Human Food (PCHF) rule, manufacturing
facilities are required to have food safety plans that identify and address how to minimize
biological, chemical, and physical hazards (FDA, 2017b). In this final rule,
environmental monitoring is recommended as “appropriate to the food, facility, nature of
the preventive control, and the role of that control in the facility’s food safety system”,
and it would generally be required if contamination of a ready-to-eat food with an
environmental pathogen is a hazard requiring a preventive control (FDA, 2017b).
Several authors have reported that even though food product testing is important,
processing environment testing is a more effective way to identify potential routes of
contamination, assess hygiene levels and prevent contamination events (Dalmasso &
Jordan, 2013; Gounadaki, Skandamis, Drosinos, & Nychas, 2008; Todd et al., 2009).
Sampling programs are used as a tool to identify points to monitor in order to prevent
contamination and to prevent consumers from being exposed to foodborne pathogens
(Tompkin, 2004). If potential routes of contamination are identified, the incidence of
foodborne pathogens or further contamination of foods can be reduced or eliminated.
Indirect tests have been used for many years as a way of detecting possible
pathogen contamination of water and foods. In the 1890’s, there was a need to ensure
that drinking water was free of fecal pathogenic bacteria, such as Salmonella (Johnson,
1996), but Salmonella assays were time consuming (Kornacki, 2011). At that time,
testing for E. coli was simpler, and since it was associated with the gastrointestinal tract
of man and animals, it was believed that if water was contaminated with fecal matter, E.
coli would be present. Therefore, E. coli became recognized as an indicator organism for
possible fecal contamination (Kornacki, 2011). Later, this type of testing was extended
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to dairy products, food products, and in food production to determine the adequacy of a
process (Johnson, 1996; Tortorello, 2003). Indicator organisms are a group of
microorganisms that are not harmful themselves to humans, but are indicative of the
potential presence of pathogens or contamination and their detection and enumeration is
widely used to assess the efficacy of hygiene conditions (Lues & Van Tonder, 2007).
This group of organisms can include aerobic plate count (APC), coliforms, E. coli, yeast
and molds, and Listeria spp. APC, yeast, and molds are used mainly to indicate quality
and potential keeping quality of a product (Buchanan & Schaffner, 2015; Kornacki, 2011;
Tortorello, 2003). The presence of coliforms and E. coli suggests posible fecal
contamination and an increased likelihood that foods may be contaminated with a
pathogen (Buchanan & Oni, 2012; Tortorello, 2003). The presence of Listeria spp. could
indicate that conditions are favorable for L. monocytogenes growth and survival could
exist (Brouillette et al., 2014).
Salmonella enterica is estimated to cause 1.2 million illnesses each year in the
U.S. and it is the leading cause of hospitalizations and deaths from bacterial foodborne
illnesses (Scallan et al., 2011b). Because of its public health concern, one of the goals of
the U.S. Department of Health and Human Services (DHHS) Healthy People of 2020
initiative is to reduce infections caused by Salmonella spp. that are commonly transmitted
through food (DHHS, 2017). Several Salmonella spp. outbreaks have been reported that
can be traced back to contaminated areas in food processing facilities. Among these, are
the Salmonella ser. Hartford outbreak from an orange juice processing facility (1995) and
the Salmonella ser. Typhimurium outbreak from a peanut butter processing facility
(2008) (Cook et al., 1998; Guthrie, 2009). Salmonella spp. can be introduced at any step
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in the production process. Therefore a good understanding of the process is needed to
prevent and control its occurrence. Even though product sampling is important, it is often
not sufficient to identify and control the pathogens of concern. It is well known that the
best way to prevent the contamination of food and food processing areas is to identify
sources of contamination along the production steps and prevent or eliminate their further
occurrence (Gagliardi, Millner, Lester, & Ingram, 2003). This can be achieved by the
implementation of proper cleaning and sanitation programs, microbiological sampling of
the processing environment, the implementation of Good Agricultural Practices (GAP’s)
and Good Manufacturing Practices (GMP’s). These include employee education,
training, hazard analysis and risk based preventive controls.
The objectives of this study were to: (1) provide a baseline assessment of the
microbial load of food contact (FC) and non-food contact (NFC) surfaces of several food
manufacturing facilities, by testing for microbiological indicators, Listeria spp. and
Salmonella spp., (2) identify the prevalence and persistence of Salmonella isolates in
those facilities by determining their clonal similarities through pulse-field gel
electrophoresis.
Materials and Methods
Sample collection
Environmental food contact (FC) and non-food contact (NFC) surfaces were
sampled from four different food-processing facilities in the State of Mississippi. The
sampled facilities were chosen based on their availability to participate in this
assessment. They were sampled a total of six times from 2014-2016. The facilities were:
a fruit packaging plant [n=176, (FC=111, NFC=65)], a fish processing plant [n=216,
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(FC=96, NFC=120)], a dairy processing plant [n=120, (FC=48, NFC=72)], and a produce
packing and distribution facility [n=84, (FC=24, NFC=60)]. Samples were taken across
the processing facilities using the environmental sampling zone concept (FDA, 2013c).
For the purpose of this assessment, samples were taken from sampling Zones 1, 2, and 3
(Figure 3.1). Samples in Zone 1 included FC surfaces such as fruit conveyors, fruit crates,
live fish conveyors, employee hands, cheese cutters, knives, work tables, scales, among
others. Samples from Zone 2 included areas adjacent to Zone 1, or NFC surfaces, such as
aprons, equipment framework, air units, etc. Samples from Zone 3 consisted of areas
immediately adjacent to Zone 2 and included condenser pans, drains, walls, floor, etc.

Figure 3.1

Environmental sampling zone diagram.

Zones are defined based on the probability of product contamination if a pathogen were
to be present in the zone.
Samples were collected using pre-moistened sterile sponges with Dey-Engley
(DE) neutralizing broth (3M™ Hydrated-Sponge, 3M Food Safety Department, St. Paul,
MN) or with pre-moistened sterile swabs with buffered peptone water broth (BPW)
(3M™ Swab-Sampler, 3M Food Safety Department, St. Paul, MN). Bags and tubes
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containing the sampling sponges and swabs were labeled with a description of the area to
be sampled.
Sampling was conducted with aseptic techniques using disposable gloves, which
were changed between samples when contamination occurred. The sponge or swab was
moved over a surface using a firm and even pressure vertically, then the sampler was
flipped and the other side was used to swab horizontally, and diagonally making sure the
entire area was covered (~10 x 10 cm). The sponge and/or swab were then placed
aseptically inside a sterile bag or tube and closed tightly. Once sampling was completed,
all samples were stored at ≤ 5°C in a cooler with ice packs and transported to the Food
Microbiology Laboratory in the Food Science, Nutrition, and Health Promotion
Department at Mississippi State University for analysis. Samples were analyzed within 4
h after arrival.
Detection of Indicator Organisms
All samples were tested for the following indicator organisms: aerobic plate
(APC), E. coli, total coliforms (TCC), yeast, mold, and Listeria spp. APC, E. coli,
coliforms, yeast, and mold were analyzed using 3M™ Petrifilm™ plates (3M™
Petrifilm™ Aerobic Plate Count, E. coli/Coliform Count Plates, Yeast and Mold Count
Plates, 3M Food Safety Department, St. Paul, MN). Serial dilutions of 10-1 to 10-4 were
done for all samples using 0.1% BPW. A 1 ml aliquot was placed in each petrifilm plate
and incubated at 35°C 2°C for APC, E. coli, and TCC and at 25°C 2°C for yeast and
molds. Colonies were counted after 48 h of incubation for APC, E. coli, and TCC, at 72 h
for yeast, and at 5 d for molds and reported as log cfu/100cm2. Listeria spp. were
analyzed using a modified FDA protocol (Hitchins, Jinneman, & Chen, 2016). Pre26

enriched samples in BPW (1 ml) were added to tubes containing 9 ml of buffered listeria
enrichment broth (BLEB) and incubated at 35°C 2°C for 24 ± 2 h. After 24 h, tubes
were verified for turbidity and incubated for an extra 24 h if turbidity was not observed.
If turbidity of the tubes was observed, samples were streaked onto Oxford media agar
plates (BD™Difco™, Sparks, MD) and incubated at 35°C 2°C for 48 ± 2 h.
Presumptive white cream colonies with blackened surrounding medium were picked from
the Oxford media plates and confirmed with PCR by using the iap gene, a highly
conserved gene shown to be very effective in differentiating Listeria spp. (Bubert et al.,
1999). One to three colonies were picked from each presumptive plate and suspended in
200 μl of sterile dH2O. This suspension was boiled for 5 min and then centrifuged at
14,000 RPM for 5 min. RNA free water (5.5µl) (Promega, Madison, WI), 1 μl each of
four forward primers (MonoA, Ino2, MugraI, and Siwi2) (Bubert et al., 1999) (Sigma
Life Science, St. Louis, MO), 1 μl of reverse primer (Lis1B) (Bubert et al., 1999) (Sigma
Life Science, St. Louis, MO), 15.5μl of GoTaq® Green Master Mix (Promega, Madison,
WI), and 2μl of the DNA template were added to a PCR tube. PCR was performed as
follows: initial denaturation at 98°C for 2 min, followed by 30 cycles of amplification,
consisting of denaturation at 95°C for 30 sec, annealing at 58°C for 30 sec, and extension
at 72°C for 90 sec and a final extension at 72°C for 5 min. After obtaining the amplified
PCR product, 8-10 µl were subjected to electrophoresis. A 2% agarose gel containing 5
µl of ethidium bromide (Invitrogen™ UltraPure™ Waltham, MA) was prepared using 0.5
M Tris-acetate-EDTA (TAE). Gel electrophoresis was performed for 20 min at 135V.
Gels were photographed under UV light using a compact digimage system, UVDI series
(Major Science, Saratoga, CA) to identify bands.
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Detection and Isolation of Salmonella spp.
Pre-enriched samples in BPW were screened for the presence of Salmonella spp.
after 24 ± 2 h using a modified USDA-FSIS protocol (USDA-FSIS, 2017a). Preenriched samples were added (100 µl) to tubes containing 10 ml of Rappaport Vassiliadis
(RV) (Thermo Scientific™, Oxoid™, Waltham, MA) and tetrathionate (TT)
(BD™Difco™, Sparks, MD) broths, respectively. RV tubes were incubated at 42°C ±
2°C for 24 ± 2 h. Tubes containing TT broth were incubated at 37°C ± 2°C for 24 ± 2 h.
After incubation samples from both secondary enrichment broths were streaked onto both
Brilliant Green Agar (BGA) (Thermo Scientific™, Remel™, Waltham, MA) and Xylose
Deoxycholate Agar (XLD) (Thermo Scientific™, Oxoid™, Waltham, MA), and plates
were incubated at 37°C ± 2°C for 24 ± 2 h.
Identification and Biochemical confirmation of presumptive Salmonella spp. isolates
Presumptive pink colonies from BGA or presumptive black colonies from XLD
were picked and were confirmed with PCR using the invA gene, a highly conserved gene
present in almost all Salmonella serotypes, with a 102-base pair target (Daum et al.,
2002; Rahn et al., 1992). One to three colonies were picked from each presumptive plate
and suspended in 200 μl of sterile dH2O. This suspension was boiled for 5 min and then
centrifuged at 14,000 RPM for 5 min. RNA free water (7.5 µl) (Promega, Madison, WI),
1 μl of forward primer 5’ GCGTTCTGAACCTTTGGTAATAA 3’ (Sigma Life Science,
St. Louis, MO), 1 μl of reverse primer 5’CGTTCGGGCAATTCGTTA 3’ (Sigma Life
Science, St. Louis, MO) 12.5μl of GoTaq® Green Master Mix (Promega, Madison, WI),
and 2 μl of the DNA template were added to a PCR tube. PCR was performed as
follows: initial denaturation at 94°C for 3 min, followed by 35 cycles of amplification,
28

consisting of denaturation at 94°C for 30 sec, annealing at 52°C for 30 sec, and extension
at 72°C for 45 sec and a final extension at 72°C for 10 min. After obtaining the amplified
PCR product, 8-10µl were subjected to electrophoresis. A 2% agarose gel containing 5 µl
of ethidium bromide (Invitrogen™ UltraPure™ Waltham, MA) was prepared using 0.5
M Tris-acetate-EDTA (TAE). Gel electrophoresis was performed for 20 min at 135V.
Gels were photographed under UV light using a compact digimage system, UVDI series
(Major Science, Saratoga, CA) to identify bands.
Presumptive colonies were selected and inoculated into the API 20E kit strips
(BioMérieux, Marcy l’Etoile, France). Each well was inoculated with a bacterial
suspension and incubated at 37°C for 24 h. All test reactions were read per the
interpretation guide provided by the manufacturer, and identification was obtained by
referring to the Analytical Profile Index (BioMérieux, Marcy l’Etoile, France).
Confirmed isolates were sent to the USDA-APHIS-National Veterinary Services
Laboratory in Ames, Iowa for serotyping. Confirmed isolates were kept in glycerol at 70°C for PFGE analysis.
Identification of clonal similarities of Salmonella spp. isolates
PFGE of the Salmonella spp. isolates [(fruit processing environment, n=22), (fish
processing environment, n=4)] was performed following the Standard Operating
Procedure for PulseNet PFGE of Salmonella serotypes (CDC, 2013b), with modifications
based on ingredient availability. Fresh cultures of the Salmonella spp. isolates were
grown overnight in 10 ml of tryptic soy broth (Becton Dickinson, Sparks, MD), and
bacterial cell concentrations were adjusted to a density of OD610=0.8~1.0 with a
spectrophotometer (Shimadzu, Scientific Support, Inc., Hayward, CA). A 2.0% low melt
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agarose (Bio-Rad, Hercules, CA) was prepared by adding 0.50 g of agarose to 25 ml of
TE buffer (10 mM Tris:1 mM EDTA, pH 8.0) and heating in a microwave until all
agarose had dissolved. The agarose gel was then placed in a water bath at 54°C until it
was used. Proteinase K (10µl) was added to labeled Eppendorf tubes containing 200 µl
of the adjusted cell suspension and tapped gently to mix the two components. Next, 200
μl of the 2% agarose gel was added to each tube and mixed gently and then immediately
poured into disposable plug casting molds and dried at 4°C for 15 min. Three plugs were
made for each Salmonella spp. isolate. The three plugs for each isolate were then placed
in a 50 ml falcon tube containing 5 ml of proteinase K and cell lysis buffer (50mM
Tris:50mM EDTA, pH 8.0 + 1% Sarcosyl) mixture. These were then incubated in a
shaker water bath incubator Gyratory Water Bath Shaker G76 (New Brunswick
Scientific, Edison, New Jersey at a temperature of 45°C for 3.5 h with constant and
vigorous agitation (160 rpm).
After lysis was completed, the cell lysis buffer was decanted and 10 ml of dH2O
were added and poured off from the tube containing the plugs. This step was repeated
twice with preheated (45°C) water. The plugs were then washed four times with 10 ml of
preheated (45°C) TE Buffer (10mM Tris: 1mM EDTA, pH 8.0). A 2 mm piece of each
isolate was cut and placed in a 1.5 ml Eppendorf tube containing 200 μl of 10X Tango
buffer (Thermo Fisher Scientific, Waltham, MA) and incubated at 37°C for 10 min. This
was discarded and replaced with 200 μl of a restriction enzyme master mix containing
dH2O, buffer and 5μl of the restriction enzyme XbaI (Thermo Fisher Scientific, Waltham,
MA) prior to incubation at 37°C for 2 h.
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After the incubation period, the plugs were loaded into a 1.2% agarose (Pulsefield certified agarose, Bio-Rad, Hercules, CA) gel and placed in a CHEF-Mapper™XA
PFGE (Bio-Rad, Hercules, CA) system containing 0.5X Tris-borate-EDTA buffer.
Electrophoresis conditions for Salmonella spp. were as follows: initial switch time of
2.16 s and final switch time of 63.8 s at a gradient of 6V/cm, with an angle of 120° and
electrophoresis run time of 18 hours (CDC, 2013b). Salmonella serotype Braenderup
H9812 (ATCC® BAA-664™, Manassas, VA) was used as the reference standard (CDC,
2013b; Sandt et al., 2006). After electrophoresis, the gels were stained with 400 ml of
ethidium bromide solution (40μg/ml) for 30 min with gentle agitation. The gels were
subsequently de-stained with 400ml of dH2O for 60 min. The water was changed every
20 min for a total of 3 changes. The gels were photographed using a compact digimage
system, UVDI model (Major Science, Saratoga, CA) and images were saved as TIFF files
for further analysis with BioNumerics 7.6.1 software (Applied Maths, Sint-MartensLatem, Belgium).
Statistical Analysis
A randomized complete block design with six replications was used to test the
presence of indicator organisms, Listeria spp. and Salmonella spp. (SAS Version 9.4) in
the environment of a fruit, catfish, dairy, and produce processing and/or packaging
facilities. Tukey’s Honesty Significant Difference (HSD) test was used to separate
treatment means (p<0.05) when significant differences occurred among replications (SAS
Version 9.4). Cluster analysis of the TIFF images was carried out with BioNumerics
7.6.1 software (Applied Maths, Sint-Martens-Latem, Belgium). PFGE DNA bands
between 20.5kb and 1,135kb (Hunter et al., 2005) were aligned by the software and the
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resulting matrices were used to construct dendrograms. The genetic diversity and
relatedness of Salmonella spp. isolates were compared at a 90% similarity criterion (B.
Y. Chen, Pyla, Kim, Silva, & Jung, 2010; Lawson et al., 2011) by using the Dice
correlation coefficient at a 1.5% band position tolerance (Coleman, 2009; Neves,
Lourenço, Silva, Coutinho, & Brito, 2008), and the unweighted pair group method by
using arithmetic average (UPGMA) (Coleman, 2009).
Results and Discussion
Presence of indicator organisms and Salmonella spp.
Fruit processing environment
Counts for APC, E. coli, yeast, and mold were similar (p>0.05) for FC and NFC
surfaces (Table 3.1). TCC counts were greater (p≤0.05) for NFC surfaces than for FC
surfaces. Currently there are no official standards in place for microbiological indicator
counts on FC and NFC surfaces. However, several authors have reported recommended
microbial indicator count limits for clean and sanitized food contact surfaces (ABC,
2015; Cooper et al., 2007; Cunningham, Rajagopal, Lauer, & Allwood, 2011). APC
counts were greater than (p≤0.05) the recommended limits of 2.5 cfu/cm2 (250
cfu/100cm2, 2.4 log cfu/100 cm2) (Cooper et al., 2007; Cunningham, Rajagopal, Lauer, &
Allwood, 2011). This was expected since fresh product from the field was being
processed at the time of sampling and areas were moist due to water washes throughout
the production line. Currently, there are no APC limit recommendations (CFS, 2014;
Gilbert et al., 2000) for fresh fruit and vegetables. Due to the conditions in which these
products are grown and harvested, they tend to have high APC levels. Since raw produce
may introduce pathogens into processing plants and contaminate other foods, ICMSF
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recommends adhering to Good Agricultural Practices (GAP) and hygienic methods
throughout the food chain to reduce contamination events (ICMSF, 1986).
TCC counts were greater (p≤0.05) for NFC (2.4 log cfu/100 cm2) than FC (2.1 log
cfu/100 cm2) surfaces. In addition we are 95% confident that the FC surfaces are less than
the recommended limits of 2.5 cfu/cm2 (250 cfu/100cm2, 2.4 log cfu/100 cm2) (Moore &
Griffith, 2002). This can be expected since NFC surfaces may be cleaned and sanitized
less frequently than FC surfaces. Currently there are no recommended coliform limits for
uncooked, unprocessed raw foods such as fruits and vegetables (PHO, 2016). E. coli
counts were less (p>0.05) than the recommended limit of 1 cfu/cm2 (100 cfu/100cm2, 2.0
log/100cm2) (Legnani, Leoni, Berveglieri, Mirolo, & Alvaro, 2004). Recommended
limits for E. coli are ≤1,000 cfu/g (3.0 log cfu/g) for blanched and un-blanched fruits and
vegetables with a pH ≥ 4.5 (ICMSF, 1986). Recommended limits for yeast and mold for
FC or NFC surfaces were not found, but the European Commission recommends on their
“Working Document on the Microbiological Contamination Limits for Microbial Pest
Control Products” counts of ≤ 1000 cfu/g (3.0 log cfu/g) (ECHCPD, 2012). Yeast counts
for FC and NFC surfaces were greater than (p≤0.05) the recommended limits, but mold
counts were less than (p>0.05) recommended limits.
Listeria spp. isolation rate was 2% and was detected on both FC (2/176) and NFC
(2/176) surfaces.

Listeria spp. were detected on a conveyor and a shoot in the

processing line (Zone 1), and from the floor and a drain (Zone 3) in the processing room.
The FDA and USDA have established a zero tolerance for Listeria monocytogenes in
RTE foods (FDA, 2015a) and if a product comes into direct contact with a food contact
surface that is contaminated with L. monocytogenes, it is considered adulterated (USDA33

FSIS, 2012). Since Listeria spp. was isolated from Zone 1 (FCS), personnel from the
processing facility were notified and recommendations of intense cleaning and sanitation
were given. Follow up sampling did not detect Listeria spp. in the processing facility.
Salmonella spp. was isolated from both FC and NFC surfaces with an isolation
rate of 13% (22/176). It was only isolated on one of the samplings but not during the
other five. Scatter plots did not show an association between Salmonella spp. detection
and APC, TCC, E. coli, yeast, mold, and Listeria spp. (Figures A.2-A.7). It has been
reported that E. coli has been used as an indicator of the possible presence of Salmonella
(Johnson, 1996; Kornacki, 2011; Tortorello, 2003), but results in this study showed that
Salmonella spp. were detected even in cases were E. coli was not detected. Salmonella
was isolated from Zone 1 (conveyors, shoots), Zone 2 (equipment framework, fruit
discard plastic crates), and Zone 3 (drains). Recommendations for Salmonella in RTE
foods state that it should not be detected in 25 g of sample (CFS, 2014; Gilbert et al.,
2000).
Multistate outbreaks linked to alfalfa sprouts (2016) with Salmonella ser. Reading
and Salmonella ser. Abony, cucumbers (2016, 2015) with Salmonella ser. Poona and
Salmonella ser. Newport, and jalapeño and serrano peppers (2008) with Salmonella ser.
Saintpaul have been reported (CDC, 2016d). In a multistate outbreak involving
Salmonella ser. Typhimurium and Salmonella ser. Newport in contaminated cantaloupes,
investigators found unsanitary conditions in the farms packing house. In their report, they
noted that FC and NFC surfaces at the packing house were constructed of materials that
could not be effectively cleaned and sanitized. Conveyor FC surfaces, such as rollers and
belts, had an accumulation of organic materials and biofilms which could harbor
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pathogenic organisms such as Salmonella (FDA, 2013a). The cleanliness of FC surfaces
is critical to food safety and in the prevention of cross contamination in high risk, RTE
foods such as fruits (Lues & Van Tonder, 2007).
Catfish Processing Environment
APC counts were greater (p≤0.05) for NFC than FC, and these were greater than
(p≤0.05) the recommended limits of 2.5 cfu/cm2 (250 cfu/100cm2, 2.4 log cfu/100 cm2),
which was expected since fresh catfish was being processed at the time of sampling and
areas contained accumulated water and organic matter (Table 3.2). The recommended
limits for satisfactory raw fish are ≤ 106 cfu/g (6.0 log cfu/g) (CFS, 2014; Gilbert et al.,
2000). TCC counts were similar (p>0.05) for FC and NFC surfaces, and these were less
than (p≤0.05) the recommended limits of 2.5 cfu/cm2 (250 cfu/100cm2, 2.4 log cfu/100
cm2). E. coli counts were similar (p>0.05) for both FC and NFC surfaces, and these were
less than (p≤0.05) recommended limits of 1 cfu/cm2 (2.0 log/100 cm2). The
recommended limits for E. coli raw fish are ≤20 cfu/g (1.3 log cfu/g) (CFS, 2014).
Yeast and mold counts were greater (p≤0.05) on NFC than FC surfaces. Counts
on FC surfaces were less than (p≤0.05) recommended limits of ≤ 1000 cfu/g (3.0 log
cfu/g for both yeast and molds. The NFC surfaces was less than recommended limits for
mold but not for yeast. According to studies by Cotton and Marshall (1998) on the
predominant microflora on catfish processing equipment, Pseudomonas spp. and
Aeromonas spp. were the most frequently identified microorganisms, whereas coliforms
comprised a minor portion of the identified isolates. These researchers suggested that
Pseudomonas spp. might be isolated from sanitized surfaces more frequently due to its
higher resistance to chlorine, and the presence of Aeromonas spp. may indicate less
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frequent sanitation of processing equipment (Cotton & Marshall, 1998). Thus,
Pseudomonas spp. and Aeromonas spp. may be more suitable indicators of cleaning and
sanitation of catfish processing environments than E. coli and coliforms.
Listeria spp. detection rate was 25% and was detected on both FC (19/216) and
NFC (36/216) surfaces. Listeria spp. was detected on surfaces including the fillet
machine, belts, ice pipes, scale holder plates, shovels, trimming belts, pallet jacks,
buckets, mat sanitizers, boots, drains, and aprons. Personnel from the processing facility
were notified of the findings so cleaning and sanitation practices would be intensified, but
on fifteen of the surfaces tested, Listeria spp. was detected on more than one occasion.
This indicates that Listeria spp. was persistent in the processing environment. Previous
studies have isolated L. monocytogenes and Listeria spp. on FC (holding tables, whole
fish skinner, trimming boards, conveyor belts) and NFC surfaces (freezer walls, bulk ice
containers, and fish holding plates) (B. Y. Chen et al., 2010).
Salmonella spp. was isolated from both FC and NFC surfaces with an isolation
rate of 2% (4/216). Scatter plots did not show an association between Salmonella spp.
detection and APC, TCC, E. coli, yeast, mold, and Listeria spp. (Figures A.8-A.13).
Salmonella was isolated from Zone 1 (de-heading belt), Zone 2 (index conveyor
framework), and Zone 3 (drain). Arroyo-Llantín (2013) isolated Salmonella from a
manual de-heading table and from belts in a catfish processing facility. Salmonella has
been detected in catfish ponds, sediment, processing plants, and retail products (McCoy
et al., 2011), and Salmonella ser. Hadar was the causative agent of an outbreak associated
with catfish (CDC, 1991). Since reports have indicated that Salmonella is the foodborne
pathogen most likely to be associated with catfish, processing facilities should focus in
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implementing measures to reduce the incidence of this pathogen along the food
production chain (McCoy et al., 2011).
Dairy processing Environment
Counts of E. coli were greater (p≤0.05) for NFC than FC surfaces, but they were
similar for APC, TCC, yeast, and mold (Table 3.6). APC counts were greater (p≤0.05)
than recommended, but this was expected as samples were taken during production.
Recommended APC counts for some dairy products are ≤ 106 cfu/g (6 log cfu/g) for
cheese and yogurt, ≤ 104 cfu/g (4 log cfu/g) for ice cream (CFS, 2014; Gilbert et al.,
2000) and 20,000 cfu/ml (4.3 log cfu/ml) for grade A pasteurized milk (FDA, 2015e).
Counts for TCC, E. coli, yeast, and mold were all within recommended limits for
surfaces. Listeria spp. and Salmonella spp. were not detected at any of the sampled
surfaces.
Produce packaging and distribution environment
Counts of APC and TCC were greater (p≤0.05) for FC than NFC surfaces, but
they were similar for E. coli, yeast, and mold (Table 3.7). APC counts were greater
(p≤0.05) than the recommended limits. TCC, yeast, and mold were within the
recommended limits for surfaces. Listeria spp. was detected in an onion sorter machine
(FC). Salmonella spp. was not detected in any of the sampled surfaces.
Serotyping of Salmonella spp. isolates
Fruit processing environment
In total, 22 Salmonella isolates, representing 6 different serotypes, were recovered
from the fruit processing environment (Table A.1). Salmonella ser. Gaminara (32%) and
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Salmonella ser. Give (32%) were the two most frequently isolated serotypes from the
fruit processing environment followed by Salmonella ser. Newport (18%) (n=22).
Foodborne outbreaks have been associated with the consumption of berries that were
contaminated with pathogenic virus, parasites, and bacteria (Palumbo, Harris, &
Danyluk, 2013a). Bacterial outbreaks have been reported involving E. coli 026 (2005)
with strawberries, blueberries, or a mix of both (Luna, Mody, & Griffin, 2010),
Salmonella ser. Muenchen (2009) with fresh blueberries (Miller, Rigdon, Robinson,
Hedberg, & Smith, 2013), and E. coli 0157:H7 (2011) with strawberries (Laidler et al.,
2013).
In this study, the source of contamination of Salmonella was not established, but
cleaning and sanitation practices could be improved since there was an accumulation of
organic material on and surrounding the production equipment. A door within close
proximity of the processing line was frequently opened to the outdoors, which could
allow the entrance of insects, amphibians, reptiles, and birds which may harbor
Salmonella. Employees indicated that insects, frogs, and toads were frequently found in
the berries that are harvested from the fields to be processed. During one of the visits, a
green frog was observed on one of the shoots on the processing line that had been
positive for Salmonella in a previous visit. Even though we did not sample any frogs or
toads, amphibians are carriers of Salmonella (Cook et al., 1998; Srikantiah et al., 2004).
In an outbreak involving Salmonella ser. Hartford and Salmonella ser. Gaminara
in unpasteurized orange juice, an inspection of the processing facility identified
deficiencies such as buildup of precipitate from the oranges, cracks in walls and ceiling,
rodent and bird droppings, and a toad inside the processing plant (Cook et al., 1998).
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Salmonella ser. Hartford and Salmonella ser. Newport were isolated from a toad found
just outside of the juice processing facility, and Salmonella ser. Gaminara was isolated
from orange juice containers (Cook et al., 1998). Even though the original source of
contamination remained unknown, amphibians such as the toad from which Salmonella
ser. Harford was isolated, could have entered the poorly sealed facility and contaminated
the oranges and the equipment (Cook et al., 1998).
Berries are generally consumed raw or minimally processed, and because they are
highly perishable, they are not washed before packing unless they will be sold frozen
(Palumbo, Harris, & Danyluk, 2013b). Many opportunities for the contamination of
berries exist during production, such as irrigation water, soil, equipment, pickers, and
food handlers (Li & Wu, 2013). Since there is typically no kill step in the process,
effective Good Agricultural Practices (GAP) and Standard Sanitation Operation
Procedures (SSOP) should be in place in order to reduce the possibility of contamination
of fresh and frozen berries.
Catfish processing environment
Four Salmonella isolates, representing four different serotypes, were recovered
from the fish-processing environment (Table A.2). Salmonella ser. Typhimurium (25%),
Salmonella ser. Saintpaul (25%), Salmonella ser. Braenderup (25%), and Salmonella ser.
Javiana (25%) were isolated from the fish processing environment (n=4). Arroyo-Llantín
(2013) isolated Salmonella ser. Putten and Salmonella ser. Infantis from FC surfaces in
the catfish processing environment. Only one outbreak has been reported to be associated
to the consumption of catfish (CDC, 1991). It included 10 cases of salmonellosis
associated with a restaurant that were attributed to Salmonella ser. Hadar (McCoy et al.,
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2011). In this study, the source of contamination could not be established. However,
Salmonella spp. has been detected in channel catfish (Pal & Marshall, 2009), catfish skin
(Arroyo-Llantin, 2013; Wyatt et al., 1979), fillets, sediment (Arroyo-Llantin, 2013), and
pond water (data not published from our laboratory), which could potentially cause cross
contamination in the processing environment.
PFGE typing of Salmonella spp. isolates
The PFGE DNA fingerprints of six isolates from the fruit-processing environment
are shown in Figure 3.2. The PFGE DNA bands within the molecular size range of 20.5
kb to 1,135 kb of Salmonella spp. isolates were aligned using clustering algorithm
BioNumerics®7.6.1 (Applied Maths, Sint-Martens-Latem, Belgium), and the resulting
matrices were used to construct dendrograms shown in Figures 3.3 (fruit processing
environment) and 3.4 (fish processing environment).
Fruit processing environment
The dendrogram of the PFGE fingerprints of Salmonella strains isolated from the
fruit-processing environment is shown in Figure 3.3. The 22 isolates resulted in 20
different XbaI PFGE patterns. PFGE analysis of Salmonella spp. isolates from the fruitprocessing environment identified two clusters (I and II) with ≥ 90% genetic similarity.
Strains BB003 (drain #1) and BB006 (drain #2) shared 100% similarity on their XbaI
pattern; both strains were isolated from NFC surfaces (Zone 3). Strains BB005 (stainless
steel shoot #2) and BB007 (drain #3) also shared 100% similarity on their XbaI pattern,
and these were isolated from a FC surface (Zone 1) and a NFC surface (Zone 3). Strains
BB002 (conveyor belt), BB004 (stainless steel shoot #1), and BB001 (conveyor belt #1)
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were all isolated from FC surfaces (Zone 1) and shared ≥ 90% similarity with BB003,
BB006, BB005, and BB007. All strains were isolated on the same day in 2015 and were
identified as Salmonella ser. Gaminara. Although a source of contamination could not be
determined, the data suggests that strains from Cluster I could have the same origin.
Strains BB008 (stainless steel shoot #3), BB010 (black rope conveyor), BB011
(black rope conveyor #2), and BB009 (yellow sorter) shared ≥ 90% on their XbaI pattern,
and these were isolated from FC surfaces (Zone 1). All strains were isolated on the same
day in 2015 and were identified as Salmonella ser. Give. Although a source of
contamination could not be determined, the data suggests that strains from Cluster II
could have the same origin.
A production area sketch of the fruit-processing environment identifying the
points from which Salmonella spp. was isolated can be seen in Figure A.1. As seen in
this sketch, Salmonella was not isolated on any point beyond the first fruit wash on the
processing line. These results suggest that the first wash step could reduce or eliminate
the presence of Salmonella on the production line. However, this does not mean that
producers should solely rely on produce washes to reduce or eliminate pathogens from
their production environments, Good Agricultural Practices (GAP), Good Manufacturing
Practices (GMP), and Standard Sanitation Operation Procedures (SSOP) should be in
place to reduce contamination events. Salmonella was isolated from Zones 1, 2, and 3 of
the processing environment and this could lead to possible contamination of food
products.
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Catfish processing environment
The dendrogram of the PFGE fingerprints of Salmonella strains isolated from the
fish-processing environment is shown in Figure 3.4. The four isolates resulted in four
different XbaI PFGE patterns. No clusters were identified among the four isolates. The
four isolated strains, S125 [(drain) (NFC, Zone 3)], S144 [(index conveyor) (NFC, Zone
2)], S146 [[(de-heading belt) (FC, Zone 1)], and S148 [(index conveyor) (NFC, Zone 2)],
were identified as four different serotypes: Salmonella ser. Saintpaul, Salmonella ser.
Braenderup, Salmonella ser. Typhimurium, Salmonella ser. Javiana. Therefore, clusters
of genetic similarity ≥ 90% were not identified. Even though there was no genetic
similarity and a source of contamination could not be established, it is important to
understand that the presence of Salmonella serotypes in Zones 1, 2, and 3 of the
processing environment could lead to possible contamination of food products.
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Surface

Indicators
FC
NFC
SEM

TCC
2.1b
2.4a
0.07

APC
4.4a
4.8a
0.1

E. coli
Yeast
log CFU/100cm2
1.2a
3.3a
a
1.1
3.5a
0.03
0.08

2.5a
2.5a
0.06

Mold

Surface

Indicators
FC
NFC
SEM

TCC
1.7a
1.7a
0.05

APC
3.6b
4.5a
0.09

E. coli
Yeast
log CFU/100cm2
1.4a
2.3b
a
1.3
3.0a
0.04
0.06

1.6b
2.2a
0.05

Mold

Listeria
Salmonella
Incidence (%)
8.8
0.5
16.7
1.4
-

Overall counts (log CFU/100cm2) and incidence of Listeria spp. and Salmonella spp. in Food Contact (FC) and NonFood Contact (NFC) surfaces sampled in a catfish-processing environment (n=216).

* Means with same letter are not significantly different from each other according to Tukey’s
HSD Test (p>0.05).

Table 3.2

Listeria
Salmonella
Incidence (%)
1.1
6.3
1.1
6.3
-

Overall counts (log CFU/100cm2) of indicator organisms and incidence of Listeria spp. and Salmonella spp. in Food
Contact (FC) and Non-Food Contact (NFC) surfaces sampled in a fruit-processing environment (n=176).

*Means with same letter are not significantly different from each other according to Tukey’s
HSD Test (p>0.05).

Table 3.1
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Surface

Indicators
FC
NFC
SEM

TCC
1.9a
1.8a
0.11

APC
4.7a
4.2a
0.15

E. coli
Yeast
log CFU/100cm2
1.0b
1.9a
a
1.2
2.0a
0.05
0.09

1.9a
2.1a
0.08

Mold
Listeria
Salmonella
Incidence (%)
ND
ND
ND
ND
-

Overall counts (log CFU/100cm2) and incidence of Listeria spp. and Salmonella spp. in Food Contact (FC) and NonFood Contact (NFC) surfaces sampled in a dairy-processing environment (n=120).

Table 3.4

FC
NFC
SEM

TCC
1.8a
1.3b
0.07

APC
4.5a
3.9b
0.10

E. coli
Yeast
log CFU/100cm2
1.1a
2.0a
1.0a
2.0a
0.02
0.09

2.8a
2.9a
0.07

Mold

Listeria
Salmonella
Incidence (%)
1.1
ND
ND
ND
-

* Means with same letter are not significantly different from each other according to Tukey’s
HSD Test (p>0.05).

Surface

Indicators

Overall counts (log CFU/100cm2) and incidence of Listeria spp. and Salmonella spp. in Food Contact (FC) and NonFood Contact (NFC) surfaces sampled in a produce packaging and distribution environment (n=84).

* Means with same letter are not significantly different from each other according to Tukey’s
HSD Test (p>0.05).

Table 3.3
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1

Figure 3.2
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BB02

BB03

5
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8

BB04

BB05

BB06

Agarose gel image of pulse field gel electrophoresis from the fruit
processing environment.

Eight to thirteen bands were identified between 20.5 kb and 1,135kb. Lanes 1 and 5, are
the reference standard for Salmonella ser. Braenderup (H9812).
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Figure 3.3

BB013
.
IV_43:z4,z23:.
Plastic
crate #1
Dendrogram of PFGE fingerprints
of
Salmonella
spp.
isolates from the 2015
fruitBB022
.
Muenchen
.
White
rollers conveyor #1
2016
processing environment.

Genetic similarity values between fingerprints were calculated based on the Dice
coefficient at a 1.5% band position tolerance, and dendrograms were generated by the
unweighted pair group method using the arithmetic average (UPGMA).
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PFGE-XbaI-Catfish

PFGE-XbaI-Catfish

Figure 3.4
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Dendrogram of PFGE fingerprints of Salmonella spp. isolates from the catfishprocessing environment.

Genetic similarity values between fingerprints were calculated based on the Dice
coefficient at a 1.5% band position tolerance, and dendrograms were generated by the
unweighted pair group method using an arithmetic average (UPGMA).

47

OPTIMIZATION OF THE SECONDARY ENRICHMENT FOR SALMONELLA SPP.
DETECTION IN FOOD AND ENVIRONMENTAL SAMPLES
Abstract
Numerous methods exist for the isolation and identification of Salmonella, but no
one method is superior over another. When sampling for Salmonella, a combination of
selective enrichment and plating methods should be used to improve its isolation.
Traditional culture methods may need to be modified when testing agricultural and food
production environments. Two modifications of the Rappaport Vassiliadis (RV) broth
were evaluated and compared to standard enrichment methods for the recovery of
Salmonella in aquaculture and sweet potato farming environments. Samples obtained
from the aquaculture (fish skin, sediment, water, n=622), and sweet potato farming
(n=260) environments were pre-enriched in standard broths, enriched in standard and
modified broths, and incubated at 41.5°C for 24 ± 2 h. Presumptive colonies were
confirmed by PCR. Detection rates ranged from 10.2% to 21.2% and 22.3% to 31.9% for
the aquaculture and sweet potato farming environments, respectively. Detection rates
were less (p≤0.05) on TT than the two modifications of RV broth for both aquaculture
and sweet potato farming environments. Molecular characterization of isolates revealed
potential contamination paths to catfish and sweet potatoes.
Key words: Salmonella spp, catfish, sweet potato, PFGE
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Introduction
The most common reported bacterial food-borne illness is caused by Salmonella
enterica (Spector & Kenyon, 2012). Salmonella spp. are widely distributed in nature,
and animals and humans are their primary reservoirs (Jay et al., 2005). There is a broad
variety of hosts for this microorganism including insects, reptiles, amphibians, birds, and
mammals. In addition, Salmonella may survive for long periods of time in soil or water
that is contaminated with animal feces (Cook et al., 1998; Fatica & Schneider, 2011).
This survival ability increases the probability of contamination of agricultural
commodities and their production and processing environments.
Catfish and sweet potatoes are two of the top sixteen agricultural crops in
Mississippi, with $185 and $81 million in revenue in the year 2015, respectively (MDAC,
2015). These commodities are not usually associated with the transmission of foodborne
illnesses because their products are cooked prior to consumption (McCoy et al., 2011;
NCCE, 2016). However, since human pathogens can be spread through the farming
environment by water, feed, wildlife (Marshall, 2004), or the application of soil
amendments (Z. Chen & Jiang, 2014; You et al., 2006), contamination of these products
is possible. Several authors have reported on the isolation of Salmonella from catfish
(Arroyo-Llantin, 2013; Wyatt et al., 1979). One human salmonellosis outbreak linked to
catfish was reported in 1991 (CDC, 1991). There are no reports of Salmonella outbreaks
that are associated with sweet potatoes, but produce related outbreaks have been traced
back to the preharvest environment (Strawn, Fortes, et al., 2013). Fresh produce will
remain a vehicle for foodborne diseases because these products are often consumed raw
(Fatica & Schneider, 2011; Srey, Jahid, & Ha, 2013; Strawn, Fortes, et al., 2013).
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A variety of methods for the isolation and identification of Salmonella spp. have
been developed, but not one is considered perfect (Mores Rall et al., 2005). Their
sensitivity and specificity will depend on the sample matrix and the isolation conditions
used (Rybolt et al., 2004). Conventional culture methods remain the most reliable and
accurate techniques for the detection of Salmonella spp. (Velusamy, Arshak,
Korostynska, Oliwa, & Adley, 2010). In the United States, the agencies responsible for
the monitoring and verification of Salmonella spp. contamination in foods are the USDAFSIS and the FDA. These agencies have different protocols in place for the detection of
this foodborne pathogen, but in general, they consist of a pre-enrichment step, a selective
enrichment step using one or two media, selective isolation in two solid agars, and
confirmation of presumptive Salmonella colonies through biochemical testing
(Mooijman, 2012).
Rapid methods that use molecular cloning are also available for the detection of
Salmonella spp. from a variety of sample matrices. These commercial kits rely on PCR
technology. They detect a PCR product by monitoring the increase in fluorescence signal
using a real time thermocycler and fluorescence detector within a system, delivering fast
and comparable results to conventional culture methods (Lee et al., 2015b). However,
their ability to detect pathogens can be limited by inhibitors such as humic substances in
compost and soil that can be found in environmental samples (Civilini, 2002).
Once a pathogen such as Salmonella has been isolated from an environmental
sample, it is recommended that it be serotyped and characterized by a genetic typing
method such as pulse-field gel electrophoresis (PFGE), the standardized method currently
used by PulseNet for foodborne bacterial disease surveillance (CDC, 2016f). PFGE is a
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standard typing method used in Salmonella outbreak investigations that has been reliable
and highly discriminatory (Ribot et al., 2006) in its ability to determine strain relatedness
and confirm outbreaks of a bacterial disease (Zou et al., 2010). Once DNA relatedness is
determined, paths can be established along the farm to table continuum to identify
problem areas and implement control measures to prevent contamination.
The objectives of this study were to: (1) evaluate the effectiveness of two
modifications of the selective enrichment broth RV and compare them to the USDA-FSIS
recommended secondary enrichment broths for the recovery of Salmonella cells in
aquaculture and sweet potato farming environments, and (2) identify the prevalence and
persistence of Salmonella isolates by determining their clonal similarities through pulsefield gel electrophoresis.
Materials and Methods
Sample collection
Samples used in this experiment were provided by aquaculture farmers and
processors in the southeastern United States and by researchers at the Pontotoc RidgeFlatwoods Branch Experiment Station, Pontotoc, MS. Samples from the aquaculture
farming environment (n=622) included catfish skin (n=519), pond sediment (n=54), and
pond water (n=49). Samples from the sweet potato farming environment (n=260)
included poultry litter (n=9), swabs of soil from fields fertilized with 0 (n=48), 1 (n=111),
and 2 (n=71) tons of poultry litter/acre, environmental samples from the sweet potato
storage house (n=13), and sweet potato roots (n=8).
Catfish skin samples were collected using sterile swabs (Fisher Scientific, Fair
Lawn, NJ) that were pre-moistened with buffered peptone water (BPW) and were placed
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in a tube labeled with the sample description. Aquaculture pond water and sediment were
collected in previously sterilized jars and were labeled with a description of the sampled
area.
Samples from the sweet potato soil were collected using pre-moistened sterile
boot swabs (NASCO, Knot-a-Boot, Fort Atkinson, WI). Bags containing the sampling
swabs were labeled with a description of the sampled area. Sampling was done using
aseptic techniques using disposable gloves, which were changed between samples when
contamination occured. Samples were collected by placing the sterile boot swabs over
boot covers and walking up and down the fields that were treated with 0, 1, and 2 tons of
poultry litter. Once sampling was completed, all samples were stored at ≤ 5°C in a cooler
with ice packs and transported to the Food Microbiology Laboratory in the Food Science,
Nutrition, and Health Promotion Department at Mississippi State University for analysis.
Samples were analyzed within 1-2 h after arrival. Fish skin sample swabs were incubated
at 35°C ± 2°C for 24 ± 2 h. Pond water and sediment from catfish farms were weighed
(25 ml/g) and placed individually in sterile Whirl Pak bags (NASCO, Fort Atkinson, WI),
and 225 ml of BPW were added to the bags. Buffered Peptone Water (225 ml) was also
added to the bags that contained the boot swabs from the sweet potato farming
environment. All samples were incubated at 35°C ± 2°C for 24 ± 2 h.
Detection and Isolation of Salmonella spp.
After 24 ± 2 h of incubation, pre-enriched samples were screened for the presence
of Salmonella spp. by using the BAX ®System Real Time PCR Assay for Salmonella
(Dupont™ Wilmington, DE) and were further analyzed using the USDA-FSIS protocol
(USDA-FSIS, 2017a). Pre-enriched samples were added (100 µl) to tubes containing 10
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ml of Rappaport Vassiliadis (RV) (Thermo Scientific™, Oxoid™, Waltham, MA) and
tetrathionate (TT) (BD™Difco™, Sparks, MD) broths, respectively. Two modifications
of RV broth were prepared and identified as modified RV2 (mRV2) and modified RV3
(mRV3).
The modifications consisted of a reduction in the peptone concentration in each of
the two broths, mRV2 and mRV3, and were used as part of a two-phase novel rapid
method detection kit for Salmonella spp. (Kim & Silva, 2015). The mRV2 and mRV3
were added (10 ml) to two separate tubes containing the solid phase of the rapid kit, and
100 μl of pre-enriched samples were added to each tube. All tubes containing RV, mRV2,
and mRV3 were incubated at 42°C ± 2°C for 24 ± 2 h. Tubes containing TT broth were
incubated at 37°C ± 2°C for 24 ± 2 h. After incubation, samples from all four secondary
enrichment broths were streaked onto both Brilliant Green Agar (BGA) (Thermo
Scientific™, Remel™, Waltham, MA) and Xylose Deoxycholate Agar (XLD) (Thermo
Scientific™, Oxoid™, Waltham, MA), and plates were incubated at 37°C± 2°C for 24 ±
2 h.
Identification and Biochemical confirmation of presumptive Salmonella spp. isolates
Presumptive pink colonies from BGA or presumptive black colonies from XLD
were selected and confirmed with PCR based on the invA gene, a highly conserved gene
present in almost all Salmonella serotypes, with a 102-base pair target (Daum et al.,
2002; Rahn et al., 1992). One to three colonies were picked from each presumptive plate
and suspended in 200 μl of sterile dH2O. This suspension was boiled for 5 min and then
centrifuged at 14,000 RPM for 5 min. RNA free water (7.5µl) (Promega, Madison, WI),
1 μl of forward primer 5’ GCGTTCTGAACCTTTGGTAATAA 3’ (Sigma Life Science,
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St. Louis, MO), 1 μl of reverse primer 5’CGTTCGGGCAATTCGTTA 3’ (Sigma Life
Science, St. Louis, MO) 12.5 μl of GoTaq® Green Master Mix (Promega, Madison, WI),
and 2 μl of the DNA template were added to a PCR tube. PCR was performed as
follows: initial denaturation at 94°C for 3 min, followed by 35 cycles of amplification
denaturation at 94°C for 30 sec, annealing at 52°C for 30 sec, extension at 72°C for 45
sec and a final extension at 72°C for 10 min. After obtaining the amplified PCR product,
8-10µl were subjected to electrophoresis. A 2% agarose gel containing 5 µl of ethidium
bromide (Invitrogen™ UltraPure™ Waltham, MA) was prepared using 0.5 M Trisacetate-EDTA (TAE). Gel electrophoresis was performed for 20 min at 135V. Gels were
photographed under UV light using a compact digimage system, UVDI series (Major
Science, Saratoga, CA) to identify bands.
Presumptive colonies were selected and inoculated into an API 20E kit strips
(BioMérieux, Marcy l’Etoile, France). Each well was inoculated with a bacterial
suspension and incubated at 37°C for 24 h. All test reactions were read per the
interpretation guide provided by the manufacturer and identification was determined by
referring to the Analytical Profile Index (BioMérieux, Marcy l’Etoile, France).
Confirmed isolates were sent to the USDA-APHIS-National Veterinary Services
Laboratory in Ames, Iowa for serotyping. Confirmed isolates were kept in glycerol at

-

70°C for PFGE analysis.
Identification of clonal similarities of Salmonella spp. isolates
PFGE of the Salmonella spp. isolates [(aquaculture, n=64), (sweet potato farming
environment, n=54)] was done following the Standard Operating Procedure for PulseNet
PFGE of Salmonella serotypes (CDC, 2013b) with modifications based in ingredient
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availability. Fresh cultures of the Salmonella spp. isolates were grown overnight in 10 ml
of tryptic soy broth (Becton Dickinson, Sparks, MD) and bacterial cell concentrations
were adjusted to a density of OD610=0.8~1.0 with a spectrophotometer (Shimadzu,
Scientific Support, Inc., Hayward, CA). A 2.0% low melt agarose (Bio-Rad, Hercules,
CA) was prepared by adding 0.50 g of agarose to 25 ml of TE buffer (10 mM Tris:1 mM
EDTA, pH 8.0) and heating in a microwave until all agarose had dissolved. The agarose
gel was then placed in a water bath at 54°C until it was used. Proteinase K (10 µl) was
added to labeled Eppendorf tubes containing 200 µl of the adjusted cell suspension and
tapped gently to mix the two solutions. Two hundred microliters of the 2% agarose were
added to each tube, mixed gently, immediately poured into disposable plug casting
molds, and dried at 4°C for 15 min.
Three plugs were made for each Salmonella spp. isolate. The three plugs for each
isolate were then placed in a 50 ml falcon tube containing 5 ml of proteinase K and cell
lysis buffer (50mM Tris:50mM EDTA, pH 8.0 + 1% Sarcosyl) mixture. These mixtures
were then incubated in Gyratory Water Bath Shaker G76 (New Brunswick Scientific,
Edison, New Jersey) a shaker water bath incubator at a temperature of 45°C for 3.5 h
with constant and vigorous agitation (160 rpm). After lysis was completed, the cell lysis
buffer was decanted and 10 ml of dH2O were added and poured off from the tube
containing the plugs. This step was repeated twice with preheated water (45°C). Next,
the plugs were washed four times with 10 ml of preheated TE Buffer (45°C) (10mM Tris:
1mM EDTA, pH 8.0). A 2 mm piece of each isolate was cut and placed in a 1.5 ml
Eppendorf tube that contained 200 μl of 10X Tango buffer (Thermo Fisher Scientific,
Waltham, MA) and incubated at 37°C for 10 min. This was discarded and replaced with
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200 μl of a restriction enzyme master mix containing dH2O, buffer and 5 μl of the
restriction enzyme XbaI (Thermo Fisher Scientific, Waltham, MA). This mixture was
then incubated at 37°C for 2 h.
After the incubation period, the plugs were loaded into a 1.2% agarose (Pulsefield certified agarose, Bio-Rad, Hercules, CA) gel and placed in a CHEF-Mapper™XA
PFGE (Bio-Rad, Hercules, CA) system containing 0.5X Tris-borate-EDTA buffer.
Electrophoresis conditions for Salmonella spp. were as follows: initial switch time of
2.16 s and final switch time of 63.8 s at a gradient of 6V/cm, with an angle of 120° and
electrophoresis run time of 18 h (CDC, 2013b). Salmonella serotype Braenderup H9812
(ATCC® BAA-664™, Manassas, VA) was used as the reference standard (CDC, 2013b;
Sandt et al., 2006). After electrophoresis, the gels were stained with 400 ml of ethidium
bromide solution (40 μg/ml) for 30 min with gentle agitation (30 rpm)in a shaker
incubator (C24KC New Brunswick Scientific, Edison New Jersey). The gels were
subsequently de-stained with 400 ml of dH2O for 60 min. The water was changed every
20 min for a total of 3 changes. The gels were photographed using a compact digimage
system, UVDI model (Major Science, Saratoga, CA) and images were saved as TIFF files
for further analysis with BioNumerics 7.6.1 software (Applied Maths, Sint-MartensLatem, Belgium).
Statistical Analysis
A randomized complete block with a 3 x 3 factorial design was used to analyze
the differences in detection/isolation of Salmonella in the aquaculture environment
among the five isolation methods (SAS Version 9.4). A randomized complete block
design with a 6 x 4 factorial design was used to analyze the differences in
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detection/isolation of Salmonella in the sweet potato farming environment. The chisquare distribution with a significant level of 0.95 and four degrees of freedom (χ2 0.95,4)
was used in order to separate the proportions using the Marascuillo procedure (NIST,
2013). Cluster analysis of the TIFF images was carried out with BioNumerics® 7.6.1
software® (Applied Maths, Sint-Martens-Latem, Belgium). PFGE DNA bands between
20.5 kb and 1,135 kb (Hunter et al., 2005) were aligned by the software and the resulting
matrices were used to construct dendrograms. The genetic diversity and relatedness of
Salmonella spp. isolates were compared at a 90% similarity criterion (B. Y. Chen et al.,
2010; Lawson et al., 2011) by using the Dice correlation coefficient at a 1.5% band
position tolerance (Coleman, 2009; Neves et al., 2008) and the unweighted pair group
method by using an arithmetic average (Coleman, 2009).
Results and Discussion
Detection and isolation of Salmonella spp.
Aquaculture farming environment
Incidence of Salmonella was greater (p≤0.05) in sediment and water than fish skin
samples (Table 4.1). Incidence of Salmonella was greater (p≤0.5) during the summer than
the fall and winter. Table 4.3 lists the specificity and sensitivity of the five methods tested
in fish skin, sediment, and water. The specificity and sensitivity were similar (p>0.05) for
all the methods tested on the fish skin and water samples, no differences were found due
to the high variability among each replication. For the sediment samples the sensitivity
was greater (p≤0.05) for mRV2, mRV3 than for TT and BAX, but it was similar (p>0.05)
to RV. The specificity was similar (p>0.05) among the five methods tested. Detection
rates on fish skin were less (p≤0.05) on TT than the four other methods tested (Fig. 4.1).
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Detection rates on sediment were similar (p>0.05) among the five methods tested (Fig.
4.2). For the water samples, detection rate was less (p≤0.05) on TT than mRV2, but TT
and mRV2 were similar (p>0.05) to PCR, RV, and mRV3 (Fig. 4.3). When looking at all
the aquaculture samples combined the detection rate in TT was less (p≤0.05) than any of
the other methods tested. The detection rate on RV was less (p≤0.05) than mRV2 but
similar to PCR and mRV3 (Fig. 4.4).
Sweet potato farming environment
Incidence of Salmonella was greater (p≤0.05) on the sweet potato storage boxes
than on the 0, 1, 2 ton soil and the poultry litter, but it was similar (p>0.05) to the sweet
potato roots (Table 4.2). Incidence of Salmonella was greater (p≤0.05) in the summer
than in the spring, but similar (p>0.05) in the winter and fall. Table 4.4 lists the
specificity and sensitivity of the five methods tested in the sweet potato farming
environment. The sensitivity was similar (p>0.05) for all the methods tested. The
specificity for RT-BAX®PCR was less than (p≤0.05) the other four methods tested. The
detection rate for TT was less (p≤0.05) than RV, mRV2, and mRV3 but similar to PCR.
Detection rates on PCR were similar (p>0.05) to RV, mRV2, and mRV3 (Fig.4.5).
There are more methods available for the isolation of Salmonella than any other
pathogen, which is most likely due to different variables that result in differences in
recovery of this pathogen (Mooijman, 2012; Nucera, Maddox, Hoien-Dalen, & Weigel,
2006; Waltman, 2000). Variables such as type, amount, and source of the samples could
affect the isolation ability of a particular method (Skjerve & Olsvik, 1991; Waltman,
2000), and it has been said that when sampling for Salmonella, the sample matrix
composition should be considered when interpreting the results of the analysis (Davies et
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al., 2000). In both the aquaculture and sweet potato samples detection rate was less
(p≤0.05) on TT when compared to RV, mRV2, and mRV3. Several authors have reported
that low numbers of Salmonella have been recovered when samples were enriched in TT
broth (Hyeon et al., 2012; Mores Rall et al., 2005; Pal & Marshall, 2009). In Pal and
Marshall’s study, (2009) lower recovery of Salmonella was seen from catfish fillets when
samples were selectively enriched in TT than in RV. In another study, seafood samples
yielded fewer Salmonella positives in TT broth (30%) than in RV broth (70%) (Rakesh
Kumar, Surendran, & Thampuran, 2010). In a study by Hyeon et al. (2012), chicken
carcasses from convenience stores yielded fewer Salmonella positive in TT broth (36.4%)
than in RV broth (88%) after plating in two selective enrichments. Mores Rall et al.,
(2005) reported that poultry carcasses yielded fewer Salmonella positives in TT broth
(58.6%) than in RV broth (69%).
Several authors have reported increased Salmonella incidence during the warmer
months of the year (Arroyo-Llantin, 2013; Martinez-Urtaza et al., 2004). Results for the
aquaculture farming environment showed that isolation rate was greater (p≤0.05) during
the summer than the fall and the winter. For the sweet potato samples, isolation rate was
lower in the spring (p≤0.05) and similar (p>0.05) in the summer, winter, and fall.
Martinez-Urtaza et al. (2004) studied the temporal and spatial distribution of Salmonella
contamination in the coastal waters of Galicia, Spain while looking at different
environmental factors. These researchers determined that the isolation of Salmonella was
seasonal, with higher detection frequencies in the summer and fall than in the winter and
spring (Martinez-Urtaza et al., 2004). Similar results were reported by Arroyo-Llantin
(2013), who found that Salmonella was isolated from live catfish with greater frequency
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in the summer. It is well known that cases of salmonellosis follow seasonal patterns,
with the greatest number of outbreaks observed during the warmer months (Akil, Ahmad,
& Reddy, 2014; Haley, Cole, & Lipp, 2009). It has been reported that Salmonella
incidence is greater during the warmer months of the year (Haley et al., 2009). In a study
by Akil et al. (2014), the effects of climate variation on Salmonella infections were
examined in Mississippi, and the results indicated that an increase in temperature was
positively correlated with Salmonella infections.
Detection of Salmonella in emergency response laboratories require that detection
methods be simple, versatile, sensitive, specific, and cost effective (Lee et al., 2015b).
Sensitivity measures the ability of a test to detect a positive sample, when the sample is
positive (true positive). The specificity measures the ability of a test to detect a negative
sample, when the sample is negative (true negative). The following equations were used
to calculate sensitivity and specificity rates (Beumer, Brinkman, & Rombouts, 1991).

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝑝)

4.1

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 (𝑛)

4.2

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = [𝑝+𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 ] ∗ 100

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 = [ 𝑛+𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 ] ∗ 100

In the sediment samples from the aquaculture environment the sensitivity for RTBAX®PCR and TT were less than (p≤0.05) the other methods tested. In the sweet potato
soil samples the specificity for BAX®PCR was less than (p≤0.05) the other methods
tested (Table 4.4). The sample makeup can reduce the sensitivity and specificity of an
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isolation protocol (Skjerve & Olsvik, 1991). PCR is a rapid method that is used to
diagnose microbial infections and detection of microorganisms in foods and
environmental samples. However, its usefulness can be limited by the presence of
inhibitory substances in the sample matrices (Radstrom, Knutsson, Wolffs, Lovenklev, &
Lofstrom, 2004). These substances can reduce or block the amplification capacity of
PCR in comparison with pure solutions of nucleic acids (Lantz, Abu Al-Soud, Knutsson,
Hahn-Hägerdal, & Rådström, 2000). It has been reported that the humic substances
commonly found in aquatic, soil, and sediment may act as inhibitors to PCR signals, and
cause false negative results (Y -L Tsai & Olson, 1992; Yu-Li Tsai & Olson, 1992). The
reduced sensitivity in the catfish pond sediment and the reduced specificity in the sweet
potato soil samples for the PCR method used in this study may be due to the presence of
these inhibitory substances which was not observed in the fish skin or water samples. It
has been reported that the sensitivity and specificity of a detection method depends on the
sample type as well as the isolation conditions (Rybolt et al., 2004).
In this study, selective enrichment in the mRV2 and mRV3 two-phase methods
yielded seven and thirteen more Salmonella positives than RT-BAX®PCR, RV, and TT
from the aquaculture and sweet potato farming environments, respectively. If only
traditional methods would have been used, these samples would have been reported as
negative for Salmonella. Salmonella is known to persist in the environment for years,
withstanding periods of stress such as temperature, pH, and nutrient depletion (Spector &
Kenyon, 2012). Even though enrichment media are designed for detecting specific
microorganisms, their conditions may not equally allow the isolation of every strain or
serotype (Gorski, 2012). There is a possibility that the combination of nutrients and
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growth inhibitors from the liquid and solid phase of the two-phase Salmonella kit created
a more suitable environment, reduced competing microflora, and favored the growth of
certain serotypes in mRV2 and mRV3 over the other methods tested. Since different
Salmonella serotypes may vary in their growth requirements, it is not ideal to use a single
media when testing for this pathogen (Lee et al., 2015b; Mooijman, 2012; Waltman &
Mallinson, 1995).
Harvey and Price (1981) compared selective media for the detection of
Salmonella and found that the sample type, the prevalent serotypes, the material
examined, the composition and preparation of the media, and the use of direct enrichment
or pre-enrichment influenced results when comparing enrichment media (Harvey &
Price, 1981). The efficiency of Salmonella recovery from enrichment media containing
more than one serotype and enrichment media bias towards isolation of certain
Salmonella serotypes have been studied (Gorski, 2012; Harvey & Price, 1976). Gorski
(2012) reported that different versions of RV broth gave different patterns of strain
dominance in both Salmonella-only and fecal enrichment culture. It has been
recommended that when sampling for food or environmental samples, multiple
enrichment protocols should be used to increase the isolation of Salmonella serotypes if
possible (Gorski, 2012; Harvey & Price, 1976).
Figure 4.6 shows an example of the selective plating that followed the selective
enrichment in RV, TT, mRV2, and mRV3 of a sample. Both XLD and BGA plates from
TT, mRV2, and mRV3 showed presumptive positive Salmonella, but only mRV2 and
mRV3 were confirmed as positive. The amount of background microflora was reduced
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on plates from mRV2 and mRV3 and isolated colonies could be easily identified,
something that was not seen on TT and RV plates from the same sample.
Serotyping of Salmonella spp. isolates
Aquaculture farming environment
In total, 64 Salmonella isolates, representing 18 different serotypes, were
recovered from the aquaculture environment (Table 4.5). Of these isolates, only 47 [(fish
skin (n=16); pond sediment (n=16); pond water (n=15)] were obtained from the sample
collection for purposes of this experiment. The other 17 [(pond sediment (n=5), pond
water (n=3), catfish fillets (n=4), environmental samples from the processing facility
(n=5)] were presumptive positive samples brought into our lab for confirmation and
isolates were kept for serotyping and PFGE analysis. Salmonella ser. Newport (56%)
and Salmonella ser. Saintpaul (19%) were the two most frequently isolated serotypes
from fish skin samples (n=16) (Table 4.5). In isolates from pond sediment samples
(n=21), Salmonella ser. III_16:z10:e,n,x,z15 (19%) and Salmonella ser. Hartford (14%)
were predominant. Salmonella ser. Typhimurium and Salmonella ser. III_60:i:e,n,x,z15
(22%) were the two most frequently isolated serotypes from pond water (n=18) (Table
4.5). Salmonella ser. Hartford (75%) and Salmonella ser. Saintpaul (80%) were the
predominant serotypes on the catfish fillets and processing plant environment.
Salmonella ser. Typhimurium prevailed during all four seasons and in all three
types of samples. The predominant serotypes isolated during the summer were
Salmonella ser. Newport (28%) on fish skin and Salmonella ser. Hartford (25%) in the
sediment and water samples. Salmonella ser. III_16:z10:e,n,x,z15 (43%) prevailed in the
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fall in sediment and water samples, and in the winter Salmonella ser. III_17:z10:e,n,x,z15
(33%) was isolated in sediment samples.
Salmonella is not normally considered a natural contaminant of seafood. However
its incidence has increased in aquaculture and seafood in recent years (R Kumar, Datta, &
Lalitha, 2015). Salmonella outbreaks have been caused by fish (10 outbreaks), mollusks
(4 outbreaks), and crustaceans (4 outbreaks) (Iwamoto, Ayers, Mahon, & Swerdlow,
2010). But only one reported outbreak of human salmonellosis (Salmonella ser. Hadar)
has been reported that was associated with catfish (CDC, 1991). Aquatic environments
are major reservoirs of Salmonella (Olgunoğlu, 2012) and studies on shrimp processing
have shown that culture ponds and coastal waters that are used for handling and
processing seafood are the primary source of Salmonella contamination (DewantiHariyadi, Suliantari, & Fardiaz, 2000). Wyatt et al. (1979) reported the isolation of
Salmonella from catfish pond water and processed catfish, but the source of
contamination could not be established. It was suggested that cross contamination may
have occurred between the contaminated skin and the dressed fish if these were not
properly processed (Wyatt et al., 1979).
Salmonella ser. Newport is the third most frequently isolated serotype associated
with foodborne illnesses in the USA (Gupta et al., 2003) and globally (Galanis et al.,
2006). Recent outbreaks in the USA implicating Salmonella ser. Newport have involved
organic sprouted chia powder, poultry, cucumbers, (CDC, 2014b) and cantaloupes (CDC,
2012a).
Ten isolates from catfish skin (n=9) and the catfish processing environment (n=1)
were identified as Salmonella ser. Newport, and were only isolated during the summer of
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2015. Seven of the catfish skin isolates and one from the processing environment were
obtained on the same day in August 2015. All catfish samples were harvested from the
same pond. The other two catfish skin isolates were obtained in September 2015, were
not harvested from the same pond as those harvested in August. A nine-year (19901998) study that looked at the presence of Salmonella on imported and domestic seafood
found that 7.2% of imported and 1.3% of domestic seafood were positive for this
pathogen (Heinitz, Ruble, Wagner, & Tatini, 2000). In the same study, Salmonella ser.
Newport was found to rank sixth among the 20 most frequently isolated Salmonella
serotypes from imported seafood samples.
Arroyo-Llantin (2013) isolated Salmonella on catfish and catfish processing
facilities in the southeastern United States. Salmonella ser. Typhimurium was the most
frequently isolated serotype from catfish skin during the summer, but it was not isolated
from sediment or water (Arroyo-Llantin, 2013). In this study, Salmonella ser.
Typhimurium was isolated from catfish skin, sediment, and water. It prevailed during all
four seasons, and it was not as frequently isolated as Salmonella ser. Newport.
Salmonella ser. Hartford was isolated from sediment (n=3), water (n=3), and catfish
fillets (n=3) during the summer of 2016. All isolates were obtained on the same day in
July, and sediment, water, and catfish fillets were all from the same location.
Salmonella ser. Hartford has not been identified as a major causative agent of
human foodborne illnesses (Galanis et al., 2006). It is also not among the 20 most
frequently isolated serotypes from imported seafood (Heinitz et al., 2000). Salmonella
ser. Hartford has been described as a rare serotype of Salmonella (CDC, 2010). However,
it has been involved in outbreaks involving organic sprouted chia powder (CDC, 2014b),
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a Mexican style fast food restaurant chain (CDC, 2010), and unpasteurized orange juice
(1995) (Cook et al., 1998). The latter reported isolating Salmonella ser. Hartford and
Salmonella ser. Newport from a toad found outside an orange juice processing facility
that was implicated in the 1995 outbreak. Salmonellae can be found in mammals, birds,
amphibians, and reptiles (Cook et al., 1998; Gorski et al., 2011; Iwamoto et al., 2010; Pal
& Marshall, 2009), and may survive long periods of time in soil or water that has been
contaminated with animal feces (FAO, 2010). Even though a source of contamination
was not identified, cross contamination with Salmonella ser. Hartford on the fillets could
have occurred from incoming contaminated fish that were harvested from contaminated
ponds and surrounding areas, similar to the circumstances reported by Wyatt et al.
(1979).
Salmonella ser. Saintpaul was isolated from fish skin (n=3) and the processing
environment (n=4) during the summer of 2015, and from sediment (n=1) during the
winter of 2016. The three fish skin samples were harvested from the same location and
on the same sampling day in August. The most recent outbreak involving Salmonella ser.
Saintpaul occurred in 2013 and involved imported cucumbers from Mexico (CDC,
2013a). Salmonella ser. Saintpaul has been isolated from imported dried salted fish from
the Philippines (Heinitz et al., 2000) and appeared on the CDC’s list of 20 most
frequently isolated serotypes from humans in 2012 (CDC, 2014a).
Other serotypes that were isolated less frequently included Bareilly, Infantis,
Javiana, Liverpool, Mbdanka, and Montevideo. These serotypes have also been isolated
from imported fish and fishery products (FAO, 2010). Serotypes Mississippi, Ruiru,
III_16:z10:e,n,x,z15, III_17:z10:e,n,x,z15, III_60:i:e,n,x,z15, and III_60:r:z were also
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found. These serotypes have been previously isolated from Australian wildlife species
(Ashbolt & Kirk, 2006), tahini (Tanguay et al., 2017), amphibians (Gorski et al., 2013),
reptiles (Wuthe, Rohde, Aleksić, Schubert, & Wuthe, 1979), and surface water (Mcegan,
Chandler, Goodridge, & Danyluk, 2014).
Sweet potato farming environment
In total, 54 Salmonella isolates, representing seven different serotypes, were
recovered from the sweet potato farming environment (Table 4.6). Overall, Salmonella
ser. Newport (46%) and Salmonella ser. Javiana (30%) were the most frequently isolated
serotypes. They were also the most frequently isolated serotypes from the 0-ton poultry
litter soil (45% Newport, 18% Javiana) and 1-ton (52% Newport, 37% Javiana) poultry
litter soil samples. Salmonella ser. Mississippi (9%) was predominant in the 2-ton
poultry litter soil samples. Salmonella ser. Newport prevailed in all three types of soil
samples, the roots, and the sweet potato house environment. Salmonella ser. Javiana
prevailed in 1-ton poultry litter soil, sweet potato roots, and the sweet potato house
environment. Salmonella ser. Newport, Salmonella ser. Javiana, Salmonella ser.
Mississippi, and Salmonella ser. Infantis were isolated from all soil samples, regardless
of the amount of poultry litter applied. Salmonella ser. Javiana prevailed throughout the
year, with higher isolation rates occurring during the summer (27%), fall (50%), and
spring (100%). Salmonella ser. Newport incidence was higher during the summer (55%),
fall (50%) and winter (75%) than the spring (0%).
Sweet potatoes are not considered a high-risk product since they are usually
cooked prior to consumption. Their contamination with food pathogens has been
reported to be by post-production handling practices by the processor or the consumer
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(NCCE, 2016). Since they are typically consumed after cooking, the FDA has identified
them as a rarely consumed raw produce commodity. Therefore, they are exempt from the
Food Safety Modernization Act (FSMA) Produce Safety Rule (FDA, 2017c). However,
the increased trend of consuming raw sweet potato in products such as salads and
smoothies, could present potential food safety concerns (NCCE, 2016). Poultry litter is
known to be one of the most valuable animal wastes as an organic fertilizer, but its
application to soils can increase the presence of pathogens such as Salmonella that can
contaminate fruits and vegetables (Z. Chen & Jiang, 2014). In this study, Salmonella
(n=54) was isolated from sweet potato fields fertilized with 0-ton (20%), 1-ton (50%),
and 2-ton (13%) of raw poultry litter, and from sweet potato roots (6%) and storage house
areas (11%).
Overall Salmonella ser. Newport (46%) and Salmonella ser. Javiana (30%) were
the most frequently isolated serotypes from the sweet potato farming environment.
Salmonella ser. Newport is known to cause more than 100,000 infections annually in the
USA, making it the third most common serotype causing human illnesses (Greene et al.,
2008). It has been involved in several produce related outbreaks including cucumbers
(2014), cantaloupes (2012), alfalfa sprouts (2010), tomatoes (2002), and mangoes (1999).
Salmonella ser. Newport was isolated from 0-ton (n=5), 1-ton (n=14), 2-ton (n=2) soil,
sweet potato roots (n=2), and storage house areas (n=2), and its isolation incidence was
greater (p≤0.05) during the summer and fall. An environmental assessment done by the
FDA (2012) following a multi-state outbreak of Salmonella on cantaloupes revealed that
soil (n=6) and water (n=1) samples were positive for Salmonella ser. Newport (FDA,
2013a). Only three of the soil isolates had outbreak-associated PFGE patterns, but all six
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were isolated from field parcels that exhibited signs of wildlife such as deer, coyotes, and
toads (FDA, 2013). Investigators concluded that the growing fields were the primary and
most likely means of initial contamination, and spreading was by operation practices
within the packinghouse (FDA, 2013). In this study, Salmonella was not isolated from the
poultry litter. However, farmers should adhere to the requirements set forth by the
Produce Safety Rule on biological soil amendments in order to reduce potential food
contamination (FDA, 2017c).
Salmonella ser. Newport was isolated from all three fields regardless of the
amount of poultry litter applied (0, 1, 2 tons). Even though a source of contamination
was not found, personnel from the experiment station (Main, J., data not published, 2016)
reported seeing wildlife such as deer, coyote, geese, snakes, and rats roaming across the
sweet potato fields, which are known Salmonella carriers (CDC, 2011a, 2016c; Gorski et
al., 2011; Renter, Gnad, Sargeant, & Hygnstrom, 2006).
Salmonella ser. Javiana was isolated from 0-ton (n=2) and 1-ton (n=10) soil,
sweet potato roots (n=1), and the sweet potato house environment (n=3). This serotype is
listed as number four on CDC’s list of 20 most frequently isolated serotypes from
humans in 2012 (CDC, 2014a). It has been associated with several outbreaks related to
fresh produce (Moreno Switt, 2013). According to Srikantiah et al. (2004), Salmonella
ser. Javiana appears to be geographically clustered, since high rates of infection with this
serotype have been found to occur in the southeastern United States. In 2001, due to an
increased number of cases of Salmonella ser. Javiana in the state of Mississippi, a case
control study was initiated to identify sources of infection (Srikantiah et al., 2004). The
majority of patients studied reported exposure to amphibians, thus contact with these and
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their environments were identified as possible risk factors for human infection
(Srikantiah et al., 2004).
Salmonella ser. Newport and Salmonella ser. Javiana were the most frequently
isolated serotypes in this study, and their isolation was greater (p≤0.05) during the
warmer months. These serotypes were isolated on almost all types of soil regardless of
the amount of poultry litter applied, and they were the only serotypes isolated from sweet
potato roots (Table 4.6). Interestingly, in the Salmonella ser. Newport outbreak (2012)
involving cantaloupes, the only serotype isolated from a non-commercial cantaloupe
found growing in a field was Salmonella ser. Javiana (FDA, 2013a). However, in the
Salmonella ser. Javiana infections involving amphibians (2001), the only serotype
isolated from toads was Salmonella ser. Newport (Srikantiah et al., 2004). Even though
conclusions cannot be made at this point regarding this occurrence, there is a possibility
that Salmonella ser. Javiana and Salmonella ser. Newport may be isolated together during
contamination events.
PFGE typing of Salmonella spp. isolates
The PFGE DNA fingerprints of eleven isolates are shown in Figure 4.7. The
PFGE DNA bands within the molecular size range of 20.5 kb to 1,135 kb of Salmonella
spp. isolates {[aquaculture (n=68)]; [sweet potato farming environment (n=54)]} were
aligned using clustering algorithm BioNumerics®7.6.1 (Applied Maths, Sint-MartensLatem, Belgium), and the resulting matrices were used to construct dendrograms shown
in Figures 4.8 and 4.9.
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Aquaculture farming environment
The 68 isolates resulted in 54 different XbaI PFGE patterns. Fifteen clusters (I to
XV) were identified with a genetic similarity ≥90%, suggesting that they represent the
same strain isolated from different samples (Figure 4.8).
PFGE analysis of Salmonella spp. isolates from the aquaculture farming and
processing environment identified seven clusters (Figure 4.6) with ≥90% of genetic
similarity, where a possible path of contamination could be established. The isolates
could be traced back from fish skin to sediment, fish skin to water, processing
environment to fish skin to sediment, or fillet to sediment and water, suggesting a path of
contamination of Salmonella from the environment to the final product. Strains S145
(fish skin) and S164 (sediment) (Cluster I) shared 94% similarity and these were isolated
in the spring of 2016 and the fall of 2016, respectively. Strains S123 (header-sorter
conveyor) and S138 (sediment) (Cluster III) shared 91% similarity on their XbaI pattern,
and these were isolated in the summer of 2015 and the winter of 2016, respectively.
Although a source of contamination from Clusters I and III was not determined, the data
suggests that they may have the same origin.
Strains S112, S113 (fish skin) and S120 (live grader conveyor) (Cluster IV)
shared 100% similarity in their XbaI pattern, and these shared 95% similarity with S121
(employee glove-live grader). All four strains were isolated on the same day (Summer
2015), and both fish skin samples originated from the same location. Strains S117, S118
(fish skin) and S122 (live grader conveyor) (Cluster XI) also shared 100% similarity and
were isolated on the same day, with both fish skin samples originating from the same
location.
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It is important to note that strains from cluster IV (Salmonella ser. Saintpaul) and
cluster XI (Salmonella ser. Newport) were isolated on the same day during the summer of
2015. Fish skin samples originated from the same pond, and the same sampling point in
the processing plant were contaminated with two different Salmonella serotypes. Even
though a complete path of contamination from farm to processing could not be
established, these results are a good indication that fish that are ready for processing
could be contaminated with multiple Salmonella serotypes, enter the processing line, and
are potential sources of cross contamination of conveyors and employee gloves within the
processing plant.
Strains S153 (sediment) and S156 (fillet) (Cluster VII) shared 100% similarity. In
addition, S153 and S156 shared 95% similarity with S152 (water). All isolates were from
samples taken on the same day (Summer 2016) from the same location. Therefore, this
likely represents independent isolations of the same strain. These results indicate that the
same strain found in sediment and water, was also found on a catfish fillet that was
originally harvested from the same pond. Cluster VIII was comprised of strains S150
(water), S154 (water), and S157 (fillet), all sharing 91% similarity. All samples
originated from the same location and were isolated in the summer of 2016. Even though
a completed path of contamination from farm to processing could not be established,
these results are a good indication that cross contamination occurred from incoming
contaminated products. Arroyo-Llantin (2013) reported isolating Salmonella ser.
Montevideo from catfish fillets with 85% similarity, but a source of contamination was
not identified. No other similarities were found between environmental and catfish
product isolates. Cluster XIV was comprised of S103 (water) and S129 (skin) with 92%
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similarity. However, like the previous clusters (I and III) a source of contamination could
not be determined even though the data suggests that they may have the same origin.
Sweet potato farming environment
The 54 isolates resulted in 32 different XbaI PFGE patterns (Figure 4.9). Seven
clusters (I to VII) were identified with a genetic similarity ≥ 90%, suggesting that they
represent the same strain isolated from different samples.
PFGE analysis of Salmonella spp. isolates from the sweet potato farming
environment identified three clusters with ≥ 90% of genetic similarity, where a possible
path of contamination could be established. The isolates could be traced back from sweet
potato bin boxes or sweet potato roots to the three-different environment-sampling sites
treated with 0, 1, or 2 tons of poultry litter. This suggests a path of contamination of
Salmonella from the environment to the final product. Cluster I comprised of fourteen
Salmonella ser. Newport strains with ≥ 90% similarity, suggesting that isolates may have
the same origin. Strains CL038 (soil, 1-ton poultry litter) and CL039 (soil, 0-ton poultry
litter) shared 100% similarity; these isolates were detected in the summer of 2016.
Strains CL021 (storage box), CL033, CL045, and CL051 (soil, 1-ton poultry litter) shared
100% similarity and were isolated in the fall of 2015 (CL021), the summer of 2016
(CL033, CL045), and the fall of 2016 (CL051). Strains CL035 (soil, 1-ton poultry litter),
CL043 (soil, 2-ton poultry litter), and CL047 (soil, 1-ton poultry litter) shared 100%
similarity and were isolated in the summer (CL035, CL043) and fall (CL047) of 2016.
Strains CL026A1 (soil, 0-ton poultry litter) and CL046 (soil, 1-ton poultry litter) also
shared 100% similarity and isolated in the winter and summer of 2016, respectively.
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This data suggests that Salmonella ser. Newport was prevalent throughout the
fields, regardless of the amount of poultry litter applied, and that this pathogen can
contaminate sweet potato bin boxes and harvested roots. This serotype was also
persistent during the course of this study, which took place from the summer of 2015
through the fall of 2016. Since Salmonella was not detected in the poultry litter itself, it
is likely that this serotype is prevalent in the soils due to the presence of wildlife in the
area. Cluster VI comprised of eight Salmonella ser. Javiana strains with ≥ 90%
similarity, suggesting that isolates may have the same origin. Strains CL012 (sweet
potatoes), CL018 (soil, 1-ton poultry litter), CL024 (floor sweet potato storage house),
and CL028 (soil, 0-ton poultry litter) shared 100% similarity and were isolated in fall
2015 (CL012, CL018), winter 2016 (CL024), and spring 2016 (CL028). A source of
contamination was not established, but results suggest that sweet potato roots and the
sweet potato storage house environment can be cross contaminated with contaminated
soil from the fields. Cluster VII comprised of five Salmonella ser. Javiana strains with ≥
90% similarity, suggesting that isolates may have the same origin.
Strains CL034, CL037, CL052, CL053 (soil, 1-ton poultry litter) shared 100%
similarity with CL041 (soil, 0-ton poultry litter), but were identified as Salmonella ser.
Javiana and Salmonella ser. Newport, respectively, suggesting that CL041 did not have
the same origin as the four other strains. Salmonella ser. Javiana prevailed in the 0-ton
and 1-ton poultry litter soil, but was not isolated from the 2-ton poultry litter soil, and was
persistent during the course of this study, summer 2015 through fall 2016.
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Table 4.1

Salmonella spp. incidence (%) in catfish farms by type of sample by
season.
Skin

Incidence
2.7b

Season
Winter

Sediment
Water
SEM

20a
29a
0.9

Summer
Fall
SEM

Sample Type

Incidence
0.96b
25a
6.0b
0.9

*Means with the same letter are not different from each other (p > 0.05). Isolates from
the mRV2 secondary enrichment broth were used to calculate these values.

Table 4.2

Salmonella spp. incidence (%) in sweet potato field and packing house
samples by season.
Sample Type
Soil, 0 Ton poultry litter
Soil, 1 Ton poultry litter
Soil, 2 Ton poultry litter
Poultry litter
Roots
Box
SEM

Incidence
0.18b
0.19b
0.04b
0.00b
0.44ab
0.98a
0.02

Season
Winter
Spring
Summer
Fall

Incidence
0.24ab
0.21b
0.48a
0.34ab

SEM

0.02

*Means with the same letter are not different from each other (p > 0.05). Isolates from the
mRV3 secondary enrichment broth were used to calculate these values.
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Table 4.3

Sensitivity and Specificity of BAX®RT- PCR and secondary selective
enrichment broths from Salmonella spp. isolates obtained from aquaculture
samples.
Skin

Detection
Method/
Secondary
Enrichment

Sediment

Aquaculture samples
combined

Water

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
(%)
(%)
(%)
(%)
(%)
(%)
(%)
(%)

BAX®PCR

86a

99a

63b

77a

93a

77a

78abc

86bc

RV

64a

98a

74ab

80a

81a

83a

75bc

88ab

TT

50a

96a

63b

77a

74a

75a

65c

84c

mRV2

86a

99a

88a

85a

96a

90a

91a

92a

mRV3

72a

99a

92a

84a

82a

83a

85a

90ab

SEM

3.8

0.6

2.3

1.1

2.6

1.1

2.3

1.8

p-value trt

0.0641

0.2621

0.0004

0.0658

0.0561

0.1942

<.0001

0.0075

p-value rep

0.0423

0.0020

0.0003

<.0001

0.0017

<.0001

<.0001

<.0001

*Means with the same letter are not different from each other (p > 0.05). Isolates from the
mRV3 secondary enrichment broth were used to calculate these values.

Table 4.4

Sensitivity and Specificity of BAX®RT-PCR and the secondary selective
enrichment broths from Salmonella spp. isolates obtained from sweet
potato samples.
Sweet potato farming environment
Detection Method/

Sensitivity
(%)

Specificity
(%)

BAX®PCR

78a

76b

RV

89a

90a

TT

74a

85a

mRV2

87a

92a

mRV3

84a

85a

SEM

2.4

3.0

p-value trt

0.1696

0.0047

p-value rep

0.0049

<.0001

Secondary Enrichment

*Means with the same letter are not different from each other (p > 0.05). Isolates from the
mRV3 secondary enrichment broth were used to calculate these values.
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Enteriditis

Give var 15+

Hartford

Infantis

Javiana

Liverpool

Mbdanka

Mississippi

Montevideo

Newport

Ruiru

Saintpaul

Typhimurium

III_16:z10:e,n,x,z15

III_17:z10:e,n,x,z15

III_60:i:e,n,x,z15

III_60:r:z

Sample Type

Fish skin
Sediment
Water
Fillets
Others*
Total

Salmonella spp. serotypes isolated from the aquaculture environment.

Bareilly

Table 4.5

0
1
0
0
0
1

0
1
0
0
0
1

0
1
0
0
0
1

0
3
3
3
0
9

0
0
0
1
0
1

1
1
0
0
0
2

0
2
1
0
0
3

0
0
2
0
0
2

0
1
0
0
0
1

0
2
0
0
0
2

9
0
0
0
1
10

1
0
0
0
0
1

3
1
0
0
4
8

1
2
4
0
0
7

1
4
3
0
0
8

0
2
0
0
0
2

0
0
4
0
0
4

0
0
1
0
0
1

*Refer to Table A.3 in the Appendix for sample descriptions.

Mississippi

Newport

Norwich

Saintpaul

Typhimurium

N/A

Sample type

0 Ton soil
1 Ton soil
2 Ton soil
Roots
Others*
Total

Javiana

Salmonella spp. serotypes isolated from the sweet potato farming
environment.

Infantis

Table 4.6

1
0
1
0
0
2

2
10
0
1
3
16

0
1
4
0
0
5

5
14
2
2
2
25

2
0
0
0
0
2

1
0
0
0
0
1

0
0
0
0
1
1

0
2
0
0
0
2

*Refer to Table A.4 for sample description.
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Total
11
27
7
3
6
54

Total
16
21
18
4
5
64

Salmonella Detection Rate (%)

6
4.4a

5

4a

3.8a

3.3a

4
3
2

0b

1
0
BAX®PCR

RV

TT

mRV2

mRV3

Detection Method/Selective Enrichment

Figure 4.1

Detection rates (in percent) for Salmonella spp. from fish skin samples
(n=519) using RT-BAX® PCR, and RV, TT, mRV2, and mRV3
enrichment broths.

Means with same letter are not different from each other (p>0.05).
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35
26a

Salmonella Detection Rate (%)

30
24.6a
25
20

17.8a

17.3a

12.8a

15
10
5
0
BAX®PCR

RV

TT

mRV2

mRV3

Detection Method/Selective Enrichment

Figure 4.2

Detection rates (in percent) for Salmonella spp. from aquaculture pond
sediment samples (n=54) using RT-BAX® PCR, and RV, TT, mRV2, and
mRV3 secondary broths.

Means with same letter are not different from each other (p>0.05)
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45

Salmonella Detection Rate (%)

40

37.8a

35.1ab

35

30.6ab
27.8ab

30
25

19.4b

20
15
10
5
0
BAX®PCR

RV

TT

mRV2

mRV3

Detection Method/Selective Enrichment

Figure 4.3

Detection rates (in percent) for Salmonella spp. from aquaculture ponds
water samples (n=49) using RT-BAX® PCR, and RV, TT, mRV2, and
mRV3 enrichment broths.

Means with same letter are not different from each other (p>0.05).

80

25

Salmonella Detection Rate (%)

21.2a
20

19.3ab

18.1ab
15.9b

15
10.2c
10

5

0
BAX®PCR

RV

TT

mRV2

mRV3

Detection Method/Selective Enrichment

Figure 4.4

Detection rates (in percent) for Salmonella spp. from all aquaculture
farming environment samples (n=622) using RT-BAX® PCR, and RV, TT,
mRV2, and mRV3 enrichment broths.

Means with same letter are not different from each other (p>0.05).
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40

Salmonella Detection Rate (%)

35
30

31.9a

30.5a

31.6a

25.1ab
22.3b

25
20
15
10
5
0
BAX®PCR

RV

TT

mRV2

mRV3

Detection Method/Selective Enrichment

Figure 4.5

Detection rates (in percent) of Salmonella spp. from the sweet potato
farming environment samples (n=260) using RT-BAX® PCR, RV, TT,
mRV2, and mRV3 enrichment broths.

(Isolation rate for TT was less (p≤0.05) when compared to mRV2 and mRV3 but similar
to RT-BAX® PCR and RV).
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Figure 4.6

Selected plates of Salmonella positive isolates on XLD and BGA following
selective enrichment in TT, RV, mRV2, and mRV3.
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Figure 4.7

Agarose gel image of pulse field gel electrophoresis, 8 to 13 bands yielded
between 20.5 kb and 1,135kb. Lanes 1, 5, 10, and 15 are the reference
standard for Salmonella ser. Braenderup (H9812).
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Figure 4.8
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ID Serotype

Season

Description

S124

.
Saintpaul

Summer 2015

.
header
sorter-conveyor

S125

.
Saintpaul

Summer 2015

.
Drain

S145

.
Javiana

Spring 2016

.
Fish
Skin

S164

.
Javiana

Fall 2016

.
F5-P1-mud

S132

.
III_16:z10:e,n,x,z15
Fall 2015

.
F3-P1-water

S136

.
Multiple
Serotypes Fall 2015

.
F3-P3-water

S147

.
III_16:z10:e,n,x,z15
Spring 2016

.
Fish
Skin

S131

.
III_16:z10:e,n,x,z15
Fall 2015

.
F3-P1-mud

S134

.
Multiple
Serotypes Fall 2015

.
F3-P3
mud

S148

.
Javiana

.
Index
Conveyor

S167

.
III_16:z10:e,n,x,z15
Fall 2016

.
F11-P3-water

S169

.
III_16:z10:e,n,x,z15
Fall 2016

.
F11-P2-mud

S126

.
III_16:z10:e,n,x,z15
Summer 2015

.
Mud

S130

.
Ruiru

Summer 2015

.
Fish
Skin

S144

.
Branderup

Spring 2016

.
Index
Conveyor

S123

.
Saintpaul

Summer 2015

.
header
sorter-conveyor

S138

.
Saintpaul

Winter 2016

.
F4-P2-mud

S112

.
Saintpaul

Summer 2015

.
F2-P6-Fish
skin

S113

.
Saintpaul

Summer 2015

.
F2-P6-Fish
skin

S120

.
Saintpaul

Summer 2015

.
Live
grader sorter con.

S121

.
Saintpaul

Summer 2015

.
Header
glove - live gr.

S119

.
Saintpaul

Summer 2015

.
F2-P6-Fish
skin

S141

.
III_17:z10:e,n,x,z15
Winter 2016

.
F6-P1-mud

S142

.
III_17:z10:e,n,x,z15
Winter 2016

.
F7-creek
mud

S135

.
III_60:r:z

Fall 2015

.
F3-P2-water

S133

.
III_60:i:e,n,x,z15

Fall 2015

.
F3-P2-water

S140

.
Mississippi

Winter 2016

.
F5-creek
mud

S165

.
III_60:i:e,n,x,z15

Fall 2016

.
F5-P2-water

S166

.
III_60:i:e,n,x,z15

Fall 2016

.
F5-P1-water

S137

.
III_60:i:e,n,x,z15

Fall 2015

.
F3-P2-water

S153

.
Hartford

Summer 2016

.
F7-P4C-mud

S156

.
Hartford

Summer 2016

.
F7-P4-fillet

S152

.
Hartford

Summer 2016

.
F7-P4B-water

S155

.
Hartford

Summer 2016

.
F7-P4-fillet

S150

.
Hartford

Summer 2016

.
F7-P4A-water

S154

.
Hartford

Summer 2016

.
F7-P4C-water

S157

.
Hartford

Summer 2016

.
F7-P4-fillet

S149

.
Hartford

Summer 2016

.
F7-P4C-mud

S151

.
Hartford

Summer 2016

.
F7-P4B-mud

S168

.
Bareilly

Fall 2016

.
F11-P1-mud

S008

.
Infantis

Summer 2014

.
IQF-Fillets

S104

.
Montevideo

Spring 2015

.
F1-P8-mud

S127

.
Newport

Summer 2015

.
Fish
Skin

S128

.
Newport

Summer 2015

.
Fish
Skin

S117

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S118

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S122

.
Newport

Summer 2015

.
header
sorter-live gra.

S111

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S110

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S116

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S114

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S115

.
Newport

Summer 2015

.
F2-P6-Fish
skin

S159

.
Mbandaka

Summer 2016

.
F8-P1-water

S160

.
Mbandaka

Summer 2016

.
F8-P8-water

S109

.
Give
var 15+

Spring 2015

.
F1-creek
mud

S161

.
Liverpool

Summer 2016

.
F9-P1-water

S162

.
Liverpool

Summer 2016

.
F9-PA-mud

S158

.
Liverpool

Summer 2016

.
F8-P1-mud

S102

.
Montevideo

Spring 2015

.
F1-P7-mud

S103

.
Typhimurium

Spring 2015

.
F1-P8-water

S129

.
Typhimurium

Summer 2015

.
Fish
Skin

S139

.
Typhimurium

Winter 2016

.
F5-P1-mud

S106

.
Typhimurium

Spring 2015

.
F1-creek
water

S108

.
Typhimurium

Spring 2015

.
F1-P3-mud

S107

.
Typhimurium

Spring 2015

.
F1-P3-water

S146

.
Typhimurium

Spring 2016

.
Deheading
belt

S143

.
Enteriditis

Winter 2016

.
F7-creek
mud

S163

.
Typhimurium

Fall 2016

.
F10-P1-water

Summer 2016

I
II

III
IV
V
VI
VII
VIII
IX
X
XI

XII
XIII
XIV
XV

Dendrogram of PFGE fingerprints of Salmonella spp. isolates from the
aquaculture environment.

Genetic similarity values between fingerprints were calculated based on the Dice
coefficient at a 1.5% band position tolerance, and dendrograms were generated by the
unweighted pair group method using the arithmetic average (UPGMA).
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Figure 4.9
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Season

Description

CL038

.
Newport

Summer 2016

1 Ton

CL039

.
Newport

Summer 2016

0 Ton

CL021

.
Newport

Fall 2015

Sweet potato stogare bins

CL033

.
Newport

Summer 2016

1 Ton

CL045

.
Newport

Summer 2016

1 Ton (boot cover)

CL051

.
Newport

Fall 2016

1 Ton

CL003

.
Newport

Summer 2015

Boot Cover

CL035

.
Newport

Summer 2016

1 Ton

CL043

.
Newport

Summer 2016

2 Ton (gloves)

CL047

.
Newport

Fall 2016

1 Ton

CL026A1

.
Newport

Winter 2016

0 Ton

CL046

.
Newport

Summer 2016

1 Ton (gloves)

CL044

.
Newport

Summer 2016

1 Ton (boot cover)

CL042

.
Newport

Summer 2016

1 Ton

CL023

.
Newport

Fall 2015

1 Ton (sweet potatoes)

CL025

.
Newport

Winter 2016

1 Ton

CL014

.
Newport

Fall 2015

1 Ton

CL022

.
Newport

Fall 2015

2 Ton (sweet potatoes)

CL010

.
Newport

Fall 2015

1 Ton

CL050

.
Newport

Fall 2016

2 Ton

CL027

.
Newport

Winter 2016

1 Ton

CL036

.
Newport

Summer 2016

0 Ton

CL032

.
Newport

Summer 2016

0 Ton

CL013

.
Newport

Fall 2015

1 Ton

CL049

.
Infantis

Fall 2016

0 Ton

CL048

.
Infantis

Fall 2016

2 Ton

CL015

.
Mississippi

Fall 2015

2 Ton

CL029

.
Norwich

Summer 2016

0 Ton

CL030

.
Norwich

Summer 2016

0 Ton

CL004

.
Mississippi

Summer 2015

1 Ton

CL006

.
Mississippi

Summer 2015

2 Ton

CL005

.
Mississippi

Summer 2015

2 Ton

CL020

.
Typhimurium

Fall 2015

Under

CL031

.
Mississippi

Summer 2016

2 Ton

CL016

.
Javiana

Fall 2015

1 Ton

CL017

.
Javiana

Fall 2015

1 Ton

CL019

.
Javiana

Fall 2015

Drag

CL012

.
Javiana

Fall 2015

1 Ton (sweet potatoes)

CL018

.
Javiana

Fall 2015

1 Ton

CL024

.
Javiana

Winter 2016

Floor (sweet potato storage.

CL028

.
Javiana

Spring 2016

0 Ton

CL009

.
Javiana

Fall 2015

1 Ton

CL011

.
Javiana

Fall 2015

1 Ton (storage bins)

CL008

.
NA

Summer 2015

1 Ton

CL007

.
NA

Summer 2015

1 Ton

CL034

.
Javiana

Summer 2016

1 Ton

CL037

.
Javiana

Summer 2016

1 Ton

CL041

.
Newport

Summer 2016

0 Ton

CL052

.
Javiana

Fall 2016

1 Ton

CL053

.
Javiana

Fall 2016

1 Ton

CL040

.
Javiana

Summer 2016

1 Ton

CL002

.
Javiana

Summer 2015

0 Ton

CL001

.
Javiana

Summer 2015

1 Ton

CL026B1

.
Saintpaul

Winter 2016

0 Ton

I

II
III
IV

V

VI

VII

Dendrogram of PFGE fingerprints of Salmonella spp. isolates from the
aquaculture environment.

Genetic similarity values between fingerprints were calculated based on the Dice
coefficient at a 1.5% band position tolerance, and dendrograms were generated by the
unweighted pair group method using the arithmetic average (UPGMA).
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SUMMARY AND CONCLUSIONS
Salmonella spp. was detected and isolated from fruit and catfish processing
environments, aquaculture and sweet potato farming environments, and from sweet
potatoes and catfish fillets. Non-typhoidal Salmonella is the number one cause of
bacterial foodborne illnesses, thus its control along the farm to fork continuum should be
a priority. Under FSMA final rule for preventive controls for human foods,
environmental monitoring of food processing facilities is required if contamination of a
RTE product with an environmental pathogen is a hazard requiring a preventive control.
Thus, now it is not only important to sample the food product itself, but the surroundings
where food products are grown and processed.
Nonpathogenic indicator organisms are used to indicate quality or hygienic status
of food, water, and the environment. The presence of E. coli in water has been used as a
possible indication of fecal contamination, and possibly the presence of Salmonella. In
this study, a relationship was not found between the presence of Salmonella spp. on
surfaces and the indicator organisms’ APC, TCC, E. coli, yeast, and mold. E. coli was
not detected on six of the 22 Salmonella spp. positive sampling points found in the fruitprocessing environment. Thus, if a sample is negative for an indicator organism test, it
does not necessarily mean that it is free of foodborne pathogens.
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Salmonella serotypes such as: Salmonella ser. Gaminara (7/176), Give (6/176),
and Newport (3/176) were isolated from conveyors, equipment framework, drains, and
plastic crates in the fruit-processing environment. PFGE analysis of Salmonella spp.
isolates determined a high degree (≥ 90%) of genetic similarity, suggesting that they
represent the same strain isolated from different samples. The source of contamination
was not identified, but amphibians, reptiles, and/or insects might have entered the
processing area with the fruit or through openings in the facility, establishing themselves
on the processing equipment and surrounding areas. Fresh berries are highly perishable;
thus, they are typically not washed after harvest unless the product will be frozen. Even
though Salmonella spp. was not detected on the fruit itself, its presence on FC surfaces
should be a red flag for processors to implement corrective actions in their food safety
plans and adhere to and/or implement stricter GMPs and SSOPs.
Four different strains of Salmonella were isolated from the catfish-processing
environment: Salmonella ser. Typhimurium (1/216), Braenderup (1/216), Javiana
(1/216), and Saintpaul (1/216) were isolated from equipment framework, conveyor belt,
and drains. Even though the source of contamination was not identified, previous studies
have reported Salmonella in pond water, sediment, catfish skin, catfish fillets, and the
catfish-processing environment. Even though catfish is usually cooked before
consumption, the presence of Salmonella in the processing environment should be of
concern since catfish was one of the foods linked to an outbreak with Salmonella ser.
Hadar.
The use of conventional methods for the detection of Salmonella spp. are still the
most reliable and accurate techniques. Even though traditional methods are effective for
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food testing, modifications may need to take place to allow a more efficient recovery of
stressed cells from the environment. In this study, two modifications (mRV2 and mRV3)
of the secondary selective enrichment (RV) step allowed for the detection of Salmonella
from 20 samples from the aquaculture (n=7) and sweet potato (n=13) farming
environments that were not detected by traditional enrichment methods. If only
traditional methods would have been used, these samples would have probably been
negative for Salmonella. Further work is needed to determine the factors that favor the
growth of certain serotypes on the two modifications of selective secondary enrichment,
mRV2 and mRV3.
Salmonella serotypes such as: Salmonella ser. Newport (10/64), Hartford (9/64),
Saintpaul (8/64), and Typhimurium (7/64) were isolated from the aquaculture farming
environment and fillets; and Salmonella ser. Newport (25/54) and Javiana (16/54) from
the sweet potato farming environment and sweet potato roots. A source of Salmonella
spp. contamination was not identified, but it is possible that the presence of the different
serotypes in these environments are due to unavoidable presence of wildlife, who are
natural reservoirs of this pathogen. Catfish and sweet potatoes are considered low-risk
vehicles of food borne pathogens because their products are typically cooked before
consumption. Nevertheless, results suggest the possibility of contamination of both food
commodities with Salmonella serotypes that are major causative agents of foodborne
illnesses. Contamination can occur at any point during the farm to table continuum, and
elimination of contamination pathways can be challenging due to the environments in
which these foods are grown. Thus, the implementation of GAPs, GMPs, GAqPs, and
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other food safety systems during farming, harvesting, transportation and processing
would help minimize the presence of Salmonella spp. in these foods.
PFGE analysis showed a possible path of contamination for several of the isolated
strains. Further investigation is required in the aquaculture environment to determine if
catfish isolated from contaminated ponds are found throughout the farming to processing
continuum.
PFGE analysis of Salmonella spp. isolates from the sweet potato farming
environment determined a high degree (≥ 90%) of genetic similarity, suggesting that they
represent the same strain isolated from different samples. Results show that PFGE is a
useful tool to determine the prevalence of this pathogen throughout the fields and
determine a path of contamination from the contaminated fields to the harvested sweet
potato roots. This is the first study looking at the prevalence of Salmonella in sweet
potato fields (fertilized with poultry litter) in the southeastern United States. Further
investigation is needed to determine if the raw poultry litter yields Salmonella isolates
when exposed to different environmental factors such as temperature and relative
humidity.
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Table A.1

Sample description and Salmonella serotypes isolated from a fruitprocessing environment.

Sample ID
BB001
BB002
BB004
BB005
BB008
BB009
BB010
BB011
BB012
BB019
BB014
Sample ID
BB003
BB006
BB007
BB021
BB020
BB015
BB022
BB016
BB017
BB018
BB013

Table A.2

Food Contact

Description
Conveyor belt #1
Conveyor belt #2
Stainless steel shoot #1
Stainless steel shoot #2
Stainless steel shoot #3
Yellow sorter
Black rope conveyor #1
Black rope conveyor #2
Stainless steel shoot #4
Black rope conveyor #1
Conveyor belt #3
Non-Food Contact
Description
Drain #1
Drain #2
Drain #3
Area under stainless steel shoot #3
Drain #1
Drain #1
White rollers conveyor #1
Drain #2
Drain #3
Plastic crate #2
Plastic crate #1

Salmonella Serotype
Gaminara
Gaminara
Gaminara
Gaminara
Give
Give
Give
Give
Give
Give
Newport
Gaminara
Gaminara
Gaminara
Give
Montevideo
Muenchen
Muenchen
Newport
Newport
Newport
IV_43:z4,z23:-

Sample description and Salmonella serotypes isolated from a catfishprocessing environment.
Food Contact

Serotypes

Sample ID

Description

S146

De-heading Belt

Typhimurium

Non-Food Contact
Sample ID

Description

S125

Balance monitor/screen

Saintpaul

S144

Index Conveyor

Braenderup

S148

Index Conveyor

Javiana
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Table A.3
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F3-P1
F3-P3
F3-P2

S136

S137

Fish Skin
Description
Fish Skin
F2-P6-Fish skin
F2-P6-Fish skin
F2-P6-Fish skin
F2-P6-Fish skin
F2-P6-Fish skin
F2-P6-Fish skin
F2-P6-Fish skin
Fish Skin
Fish Skin
Fish Skin
F2-P6-Fish skin
F2-P6-Fish skin
F2-P6-Fish skin
Fish Skin
Fish Skin
Water
Description
F7-P4
F7-P4B
F7-P4C
F9-P1
F8-P1
F8-P8
F10-P1
F11-P3

S132

Sample ID
S150
S152
S154
S161
S159
S160
S163
S167

Sample ID
S145
S110
S111
S114
S115
S116
S117
S118
S127
S128
S130
S112
S113
S119
S129
S147

III_60:i:e,n,x,z15

III_16:z10:e,n,x,z15

III_16:z10:e,n,x,z15

Serotype
Hartford
Hartford
Hartford
Liverpool
Mbandaka
Mbandaka
Typhimurium
III_16:z10:e,n,x,z15

Serotype
Javiana
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Ruiru
Saintpaul
Saintpaul
Saintpaul
Typhimurium
III_16:z10:e,n,x,z15

S123

S121

S120

Sample ID
S109
S155
S156
S157
S008
S102
S104
S122

Sample ID
S168
S143
S149
S151
S153
S164
S162
S158
S140
S138
S139
S169
S131
S134
S141
S142

header sorter-conveyor

Header glove - live grader

Live sorter- conveyor

Sediment
Description
F11-P
F7-creek
F7-P4C
F7-P4B
F7-P4C
F5-P1
F9-PA
F8-P1
F5-creek
F4-P2
F5-P1
F11-P2
F3-P1
F3-P3
F6-P1
F7-creek
Others
Description
F1-creek sediment
F7-P4-fillet
F7-P4-fillet
F7-P4-fillet
IQF-Fillets
F1-P7-sediment
F1-P8-sediment
header sorter-live grader

Saintpaul

Saintpaul

Saintpaul

Serotype
Give var 15+
Hartford
Hartford
Hartford
Infantis
Montevideo
Montevideo
Newport

Serotype
Bareilly
Enteriditis
Hartford
Hartford
Hartford
Javiana
Liverpool
Liverpool
Mississippi
Saintpaul
Typhimurium
III_16:z10:e,n,x,z15
III_16:z10:e,n,x,z15
III_16:z10:e,n,x,z15
III_17:z10:e,n,x,z15
III_17:z10:e,n,x,z15

Sample description and Salmonella serotypes isolated from the aquaculture farming and processing environment.

S165
S166
S133
S135

Table A.3 (Continued)
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F5-P2
F5-P1
F3-P2
F3-P2

III_60:i:e,n,x,z15
III_60:i:e,n,x,z15
III_60:i:e,n,x,z15
III_60:r:z

S124
S103
S106
S107
S108
S126

header sorter-conveyor
F1-P8-water
F1-creek water
F1-P3-water
F1-P3-sediment
Sediment

Saintpaul
Typhimurium
Typhimurium
Typhimurium
Typhimurium
III_16:z10:e,n,x,z15

Table A.4

Sample description and Salmonella serotypes isolated from the sweet
potato farming environment.

Sample ID

Description

Description

1 Ton

Serotype
Infantis

Strain ID

CL47

CL14

CL48

2 Ton

Infantis

CL21

CL49

0 Ton

Infantis

CL22

CL01

1 Ton

Javiana

CL23

CL02

0 Ton

Javiana

CL25

1 Ton
Sweet potato
storage box
2 Ton (sweet
potatoes)
1 Ton (sweet
potatoes)
1 Ton

CL09

Javiana

CL26a

0 Ton

Newport

Javiana

CL27

1 Ton

Newport

Javiana

CL32

0 Ton

Newport

CL16

1 Ton
1 Ton (storage
bins)
1 Ton (sweet
potatoes)
1 Ton

Javiana

CL33

1 Ton

Newport

CL17

1 Ton

Javiana

CL35

1 Ton

Newport

CL18

1 Ton

Javiana

CL36

0 Ton

Newport

CL19

Javiana

CL38

1 Ton

Newport

Javiana

CL39

0 Ton

Newport

CL28

Drag
Floor (storage
house)
0 Ton

Javiana

CL41

0 Ton

Newport

CL34

1 Ton

Javiana

CL42

1 Ton

Newport

CL37

1 Ton

Javiana

CL43

2 Ton (gloves)

Newport

CL40

1 Ton

Javiana

CL44

1 Ton (boot cover)

Newport

CL52

1 Ton

Javiana

CL45

1 Ton (boot cover)

Newport

CL04

1 Ton

Mississippi

CL46

1 Ton (gloves)

Newport

CL05

2 Ton

Mississippi

CL50

2 Ton

Newport

CL06

2 Ton

Mississippi

CL51

1 Ton

Newport

CL15

2 Ton

Mississippi

CL53

1 Ton

Newport

CL31

2 Ton

Mississippi

CL29

0 Ton

Norwich

CL03

Boot cover

Newport

CL30

0 Ton

Norwich

CL10

1 Ton

Newport

CL26b

0 Ton

Saintpaul

CL13

1 Ton

Newport

CL20

Under

Typhimurium

CL11
CL12

CL24
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Serotype
Newport
Newport
Newport
Newport
Newport

,

Figure A.1
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Production area sketch (not to scale) of the fruit processing environment identifying positive points for Salmonella
spp. (Red stars with blue outline indicate NFCS (n=11), yellow stars with red outline indicate FCS (n=11).

Salmonella (1 = positive; 0=negative)

Log APC CFU/cm2
Figure A.2

Scatter plot of Salmonella spp. isolates vs. APC Log CFU/cm2 from the
fruit-processing environment.

(No association was found between Salmonella spp. detection and APC counts).
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Salmonella spp. (1 = positive; 0=negative)

Log TCC CFU/cm2

Figure A.3

Scatter plot of Salmonella spp. isolates vs. Log TCC CFU/cm2 from the
fruit-processing environment.

(No association was found between Salmonella spp. detection and TCC counts).
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Salmonella spp. (1 = positive; 0=negative)

Log E. coli CFU/cm2

Figure A.4

Scatter plot of Salmonella spp. isolates vs. Log E. coli CFU/cm2 from the
fruit-processing environment.

(No association was found between Salmonella spp. detection and E. coli counts).
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Salmonella spp. (1 = positive; 0=negative)

Log Yeast CFU/cm2

Figure A.5

Scatter plot of Salmonella spp. isolates vs. Log Yeast CFU/cm2 from the
fruit-processing environment.

(No association was found between Salmonella spp. detection and yeast counts).
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Salmonella spp. (1 = positive; 0=negative)

Log Mold CFU/cm2

Figure A.6

Scatter plot of Salmonella spp. isolates vs. Log Mold CFU/cm2 from the
fruit-processing environment.

(No association was found between Salmonella spp. detection and mold counts).
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Salmonella spp. (1 = positive; 0=negative)

Listeria spp. (1=positive; 0=negative)

Figure A.7

Scatter plot of Salmonella spp. isolates vs. Listeria spp. presence from the
fruit-processing environment.

(No association was found between Salmonella spp. detection and Listeria spp.
detection).
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Salmonella spp. (1 = positive; 0=negative)

Log APC CFU/cm2

Figure A.8

Scatter plot of Salmonella spp. isolates vs. Log APC CFU/cm2 from the
catfish-processing environment.

(No association was found between Salmonella spp. detection and APC counts).
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Salmonella spp. (1 = positive; 0=negative)

Log TCC CFU/cm2

Figure A.9

Scatter plot of Salmonella spp. isolates vs. Log TCC CFU/cm2 from the
catfish processing environment.

(No association was found between Salmonella spp. detection and TCC counts).
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Salmonella spp. (1 = positive; 0=negative)

Log E. coli CFU/cm2

Figure A.10 Scatter plot of Salmonella spp. isolates vs. Log E. coli CFU/cm2 from the
catfish-processing environment.
(No association was found between Salmonella spp. detection and E. coli counts).
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Salmonella spp. (1 = positive; 0=negative)

Log Yeast CFU/cm2

Figure A.11 Scatter plot of Salmonella spp. isolates vs. Log Yeast CFU/cm2 from the
catfish-processing environment.
(No association was found between Salmonella spp. detection and yeast counts).
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Salmonella spp. (1 = positive; 0=negative)

Log Mold CFU/cm2

Figure A.12 Scatter plot of Salmonella spp. isolates vs. Log Mold CFU/cm2 from the
catfish-processing environment.
(No association was found between Salmonella spp. detection and mold counts).
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Salmonella spp. (1 = positive; 0=negative)

Listeria spp. (1 = positive; 0=negative)

Figure A.13 Scatter plot of Salmonella spp. isolates vs. Listeria spp. presence from the
catfish-processing environment.
(No association was found between Salmonella spp. detection and Listeria spp.
detection).
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